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Abstract
Water-Oxidation Electrocatalysis and Concerted Proton-Electron Transfer by
High-Valent Complexes of Copper and Nickel
Katherine J. Fisher
2021
The development of renewable energy resources to replace traditional fossil fuels is among
the major challenges facing the world today. One hurdle to fully transitioning to renewable energy
sources to meet the world’s energy demand is energy storage. A potential solution to this problem
is to store energy generated from renewable resources in the form of chemical bonds, as plants do
in the process of photosynthesis. Artificial photosynthetic systems could be used to split water into
protons, electrons, and oxygen, and those components could then be used to generate fuel, such
as H2, that could be stored until needed. Water oxidation, however, is thermodynamically and
kinetically challenging, often requiring large overpotentials in order to drive the reaction. Therefore,
water oxidation catalysts must be developed to lower the energy barrier required for the reaction.
The first section of this thesis focuses on the development and study of water-oxidation
electrocatalysts by Earth-abundant metal systems. Chapter 1 provides an introduction to
water-oxidation catalysis and proton-coupled electron transfer. Chapter 2 describes the synthesis
and characterization of a copper-based water-oxidation electrocatalyst, Cu(pyalk)2 (pyalk =
2-(2′-pyridyl)-2-propanoate). This complex was shown to be a robust and active electrocatalyst for
water oxidation under basic conditions. Further characterization of the complex demonstrated that
the catalyst operates through a mononuclear mechanism, has a turnover frequency of ~0.7 s-1 at
pH 12.5, and is active for over 12 hours and 30 catalytic turnovers. These results demonstrate the
ability of the strongly donating pyalk ligand to stabilize Earth-abundant metal electrocatalysts for
water oxidation. Chapter 3 presents a mechanistic study of water-oxidation electrocatalysis by
Cu(pyalk)2. It is proposed that the catalyst operates through a water-nucleophilic attack mechanism
on a copper(III)-oxyl radical species. Experimental and theoretical analysis both support this
proposed mechanism, and the measured kinetic isotope effect, turnover frequency, and rate of the
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first chemical step all showed good agreement with the predicted theoretical values. This work
provides one of the first mechanistic studies of a mononuclear copper-based water-oxidation
electrocatalyst.
Many reactions relevant to energy production and storage include proton-coupled electron
transfer steps, in which a proton and electron are transferred in either a stepwise or concerted
fashion. The ability to understand and control how protons and electrons move in these systems
could therefore prove valuable in designing more efficient catalysts for reactions such as water
oxidation. The second section of this dissertation discusses the proton-coupled electron transfer
reactivity of two high-valent systems related to the water-oxidation electrocatalyst Cu(pyalk)2.
Chapter 4 describes the synthesis, characterization, and PCET reactivity of Ni(pyalk)2+, a
square planar nickel(III) species structurally analogous to Cu(pyalk)2. Multiple characterization
methods, including X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance
spectroscopy, and X-ray crystallography confirm the highly oxidized state of nickel, making it a rare
example of nickel in the +3 oxidation state. Ni(pyalk)2+ was then shown to undergo proton-coupled
electron transfer from a variety of phenolic and hydrocarbon substrates. Analysis of the kinetics of
the reaction with various substrates indicates that Ni(pyalk)2+ reacts with these substrates through
concerted proton-electron transfer. Further thermodynamic analysis showed that, during PCET,
Ni(pyalk)2+ formed an O-H bond with a bond dissociation enthalpy of ~94 kcal/mol. The formation
of this fairly strong bond may explain the fast reactivity of this system.
Chapter 5 describes the characterization and reactivity of a high-valent copper species,
Cu(pyalk)2+, the one-electron oxidized form of Cu(pyalk)2. XPS and X-ray crystallography
measurements confirm the oxidation of the copper center, demonstrating that the copper of
Cu(pyalk)2+ is in the +3 oxidation state, a rare oxidation state for copper. Cu(pyalk)2+ was shown to
also react with phenolic and hydrocarbon substrates through a concerted proton-electron transfer
mechanism in a similar manner to nickel. Thermodynamic analysis demonstrated that Cu(pyalk)2+
forms an O-H BDE of ~98 kcal/mol, significantly higher than its nickel counterpart, yet it was shown
to only react 4-5 times faster than Ni(pyalk)2+ with the same substrates. Calculation of an
asynchronicity factor for each compound demonstrated that Ni(pyalk)2+ may react through a more
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asynchronous mechanism than Cu(pyalk)2+, which may explain the rather small difference in
reactivity. These systems are two of only a handful of isolated Ni(III) and Cu(III) species that have
been shown to undergo PCET reactivity. These results may provide valuable insight into PCET
reactivity of electrocatalytic species, which could be used in designing the next generation of Earthabundant water-oxidation electrocatalysts.
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Chapter 1. Introduction
1.1

Energy Conversion and Storage
The recent sharp rise in atmospheric CO2 levels has necessitated the development of

carbon-neutral energy sources in order to meet the world's growing energy demand1 without further
impacting the Earth’s climate and environment.2 Over the past several decades, numerous
methods of generating electricity from renewable, carbon-free resources have been developed,
including wind and solar power. However, many such renewable energy sources provide energy
only intermittently. Silicon-based photovoltaics, for instance, only produce electricity when they are
directly illuminated by the sun, and wind energy is only generated when the wind is actively blowing.
Therefore, to meet the global energy demand using exclusively renewable resources, the energy
produced from these sources must be stored for use when it cannot be generated directly. One
promising solution to this problem involves storing energy in the form of chemical bonds, which
results in fuels that can be used on-demand.3
One approach to generating fuel from renewable resources is through “artificial
photosynthesis,”4-5 which utilizes sunlight to split water and generate O2, protons, and electrons, as
shown in Equation 1.1.
2H2O à O2 + 4H+ + 4e-

(Equation 1.1)

In an artificial photosynthetic system, a photosensitizer is used to harvest sunlight, resulting
in photoexcitation followed by charge separation, at which point excited electrons are injected into
a semiconductor material such as TiO2 or SnO2.6-8 A neighboring water-oxidation catalyst then
reduces the photosensitizer, resulting in oxidation of the catalyst by one electron. After four
successive oxidation events, the catalyst can facilitate the oxidation of water. The protons and
electrons generated in the water-oxidation process can then be used to form fuel in a fuel cell,
allowing energy to be stored in the chemical bonds of the fuel until it is needed. Common fuels
proposed for such fuel cells include hydrogen, methanol, and formic acid, although the formation
of more complex hydrocarbon fuels, such as ethanol, is an area of active research.9

18

One major challenge in the development of artificial synthetic devices is efficiently and
quickly oxidizing water. This thermodynamically and kinetically challenging reaction has a standard
potential of 1.23 V at pH 0 but often requires additional potential beyond the thermodynamic
requirements, also known as overpotential, to drive the reaction. One possible solution to this
problem is the design of water-oxidation catalysts, which can lower this energy barrier.10

1.2

Molecular Water-Oxidation Catalysis
There has been considerable research into the design and study of water-oxidation catalysts

that could be used in artificial photosynthetic systems.11-13 Catalysts for the water-oxidation
transformation generally fall into one of two categories: heterogeneous or homogeneous.14 In
heterogeneous catalysis, the reaction occurs at the interface of a solid material, while in a
homogeneous system, the reaction is facilitated by molecules dissolved in solution. Heterogeneous
catalysts are generally considered advantageous due to their ease of separation from reactants
and products as well as their recyclability, but they often suffer from low tunability and selectivity.
While less practical for use in solar fuels devices than their heterogeneous counterparts,
homogeneous molecular water-oxidation catalysts are of particular interest in research because of
their ease of study and tunability.11 Molecular catalysts incorporate ligands that can be easily and
precisely altered to modify their activity. These species can be readily studied by standard
spectroscopic techniques, and study of individual reaction steps can provide information about the
catalytic mechanism, allowing for a degree of understanding and control that is often not possible
in heterogeneous species, which usually contain diverse types of surface sites. In addition,
molecular catalysts can often be attached to surfaces through covalent bonds or electrostatic
interactions, allowing them to be easily separated from reactants and products while still
maintaining many of the advantages of homogeneous systems.15-17

1.2.1 Ligand design
An important consideration in the design of molecular catalysts is the design of the ligand
itself. The chelating “pyalk” ligand (pyalk = 2-(2′-pyridyl)-2-propanoate) developed by our group
19

(Figure 1.1) possesses multiple features that are beneficial for catalysis, including the strongly
donating alkoxide group formed upon deprotonation of the ligand, which can stabilize high-valent
metal states. Additionally, the gem-dimethyl substitution at the benzylic position protects the
vulnerable benzylic site from oxidation and degradation.18 For these reasons, it is particularly
suitable for water-oxidation catalysis and high-oxidation state chemistry. Pyalk and its derivatives
have been used to stabilize a number of iridium- and manganese-based water-oxidation
catalysts,19-21 as described in the following sections, and it has also been used to stabilize highly
oxidized rhodium(IV)22 and iridium(V) species.23-25

N

OH

Figure 1.1. Structure of pyalkH ligand. When the alcohol group is deprotonated upon metalation or
reaction with base, the strongly donating alkoxide unit is formed.

1.2.2 Understanding molecular electrocatalysis
Catalytic water-oxidation systems can be driven by a chemical oxidant or applied potential.
Catalysts driven by applied potential, known as “electrocatalysts”, are oxidized at an electrode
surface to generate a catalytically active species, which then performs the water-oxidation reaction
in solution.26 Driving catalytic reactions electrochemically is of particular interest as it avoids the
use of harsh, stoichiometric oxidation reagents, which themselves may play a non-innocent role in
catalysis.27 Additionally, catalysts driven electrochemically are able to operate through singleelectron steps, which is necessary for use in solar fuels devices.15, 28
1.2.2.1

Probing electrocatalysis through cyclic voltammetry
Electrocatalysis is most often probed through an electrochemical technique known as

cyclic voltammetry (CV). In this technique, a working electrode is poised at an initial potential and
sweeps out to more positive or negative potential at a given rate, called the scan rate (ν). Once the
electrode reaches the switching potential, it sweeps back in the reverse direction until reaching an
end point. This technique can be used to investigate electron-transfer events by species in solution.
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A brief description of the technique as it relates to electrocatalysis is provided, and more thorough
treatments and theoretical background can be found in references 29-30.
In the absence of substrate, a molecular catalyst will generally undergo a one-electron
redox event, which can be examined by CV. For the sake of example, consider a molecular species
P that can be oxidized by one-electron to form species Q. At the beginning of the CV, the potential
will be poised below the potential at which P can be oxidized, and only background capacitive
current will be observed. As the potential becomes sufficiently positive to begin oxidizing P to Q,
current will begin to flow, and the concentration P at the electrode will begin to be depleted as Q is
formed. The amounts of species P and Q at the electrode surface at any given potential can be
found from the Nernst equation (Equation 1.2), which relates the applied potential (E) to the formal
potential for the oxidation of P to Q (Eo’) and the concentrations of the reduced and oxidized species
P and Q.31
𝐸 = 𝐸 !" + 2.303

#$
%

[)]

𝑙𝑜𝑔&' [+]

(Equation 1.2)

As the electrode scans to even more oxidizing potentials, the amount of P at the electrode
is further depleted and the current begins to fall, resulting in a peaked wave. When the electrode
reaches its switching potential, it begins scanning in the cathodic direction, and the Q present at
the electrode surface is reduced by one electron back to P. Due to diffusion of the species to and
from the electrode, the reverse cathodic peak will be slightly separated from the initial anodic peak.
The halfway point between the anodic and cathodic peak is known as E1/2, which is often estimated
as the formal potential Eo’.
In the presence of substrate, the catalyst’s CV response will look considerably different
than the reversible one-electron event observed in the absence of substrate. Under these
conditions, when P is oxidized by one electron, it can react with substrate in solution. Once the
catalytic cycle is complete, P is regenerated and can be re-oxidized at the electrode. This cycle
results in enhanced current relative to the reversible one-electron oxidation event, as well as a loss
of reversibility of the observed wave in many cases. The catalytic wave may have different shapes
depending on the catalyst and substrate concentrations, scan rate, and the intrinsic catalytic rate
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constant. The shapes that may be observed and how they relate to these parameters are shown
in Figure 1.2. For a more detailed explanation of this “zone diagram”, see references 26 and 30.

Figure 1.2. Catalytic “zone diagram” describing the relationship between catalytic wave shape and
catalyst concentration C0p, substrate concentration C0A, scan rate υ, and rate constant for
homogeneous electron transfer ke Reprinted with permission from ref. 30. Copyright 2014 American
Chemical Society.

1.2.2.2

Benchmarking molecular electrocatalysts
In both homogeneous and heterogeneous catalysis, it is important to understand catalyst

parameters relating to efficiency and speed. These values can be used to compare catalysts.
Described below are values commonly used to benchmark electrocatalysts for water oxidation.
Overpotential. The water-oxidation reaction has a thermodynamic potential of 1.23 V vs.
NHE at pH 0 and shifts by -59 mV per additional pH unit. In addition to the thermodynamic potential,
an overpotential (𝜂) is required to overcome activation energy barriers and drive the kinetics of the
reaction.
𝜂 = 𝐸,-- − 𝐸.!/0!.

(Equation 1.3)

The overpotential required for catalysis is defined as the amount of potential in excess of
the thermodynamic potential required for catalysis to occur, and the value of the overpotential can
be found using Equation 1.3 above. In this equation, Eapp refers to the potential applied to drive

22

water oxidation, and 𝐸.!/0!. is the thermodynamic potential for water oxidation under the catalytic
conditions of interest. For a homogeneous molecular electrocatalyst, the potential at which half of
the peak catalytic current is achieved is generally used for Eapp.32 This value, known as Ep/2, is
generally considered the most precise value for determining overpotential from a catalytic CV.
Overpotentials are sometimes instead reported based on onset potential at the base of the catalytic
wave, which can be challenging to define, or peak potential, which can vary based on conditions
such as scan rate.
Turnover frequency. Turnover frequency, also known as the catalytic rate, is the measure
of how much product is formed per catalyst center per unit time. For an electrocatalytic species,
the catalytic rate constant, kcat, can be found from CV measurements using the following equation:31
&/3

𝑖1 = 𝑛1,2 𝐹𝐴C𝐷&/3 𝑘1,2

(Equation 1.4)

In Equation 1.4, ic refers to the catalytic current, ncat is the number of electrons transferred
in the catalytic reaction (4 for water oxidation), F is Faraday’s constant, A is the surface area of the
electrode, C is catalyst concentration, D is the diffusion coefficient for the catalyst, and kcat is the
observed rate constant, also known as the turnover frequency. In order to use this equation directly
to find kcat, however, it is necessary to know the electrode surface area, which may be greater than
just the geometric surface area, and the diffusion coefficient for the molecule, which must be
measured separately. By normalizing Equation 1.4 to the peak current of a non-catalytic reversible
couple (Equation 1.5), these variables can be removed, resulting in Equation 1.6:31
4" %56 &/3
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(Equation 1.5)
(Equation 1.6)

In Equations 1.5 and 1.6, ip refers to the peak current of the reversible, non-catalytic wave
present in the absence of substrate, np refers to the number of electrons transferred in the reversible
process, n is the scan rate, R is the ideal gas constant, and T is the temperature.
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It should be noted that these measurements must be made under conditions where the
catalytic current is not limited by diffusion.30, 33 In practical terms, the catalytic CV’s should be Sshaped (Zone KS in Figure 1.2), and the plateau current should be independent of scan rate.
Faradaic efficiency. Faradaic efficiency compares the charged passed during
electrocatalysis to the amount of substrate consumed or product formed, as shown in Equation
1.7.34 In essence, it is a measure of the catalyst’s selectivity under electrocatalytic conditions.
𝐹𝐸 =

% ∗ 4")*+,#% ∗ ;
)

× 100%

(Equation 1.7)

In Equation 1.7, nproduct refers to the number of moles of products formed, Q is the total
charged passed, z is the number of electrons required for the catalytic reaction (4 for water
oxidation), and F is Faraday’s constant.
High faradaic efficiency indicates that most or all of the charge passed is used to form the
product of interest. A low faradaic efficiency is indicative of competing reactivity, either due to
formation of another product (such as hydrogen peroxide in the case of water oxidation) or oxidation
of other substrates, such as solvent or an organic ligand.

1.2.3 Water-oxidation catalysis with iridium and manganese
Many of the first reported molecular water-oxidation catalysts utilized precious metals, such
as iridium and ruthenium. The first reported example of a molecular water-oxidation catalyst was
the “blue dimer” from T. J. Meyer’s group in 1982,35-36 and following that report, numerous other
precious metal water-oxidation catalysts were reported. Notably, iridium water-oxidation catalysts
proved to be among the fastest and most robust.37 In 2009, our group reported a number of
Cp*IrIII(chelate) compounds that proved to be long-lived and active homogeneous water-oxidation
catalysts.38-39 Further work demonstrated these compounds were, in fact, precatalysts for water
oxidation and that the Cp* underwent oxidative degradation under reaction conditions (Figure
1.3).21, 40-41 Of all the precatalysts studied, the species incorporating pyalk as the chelate ligand
generated the most active homogeneous catalytic species, dubbed the “blue solution”.21, 42-43 The
identity of the active catalyst in this “blue solution” has proved difficult to structurally characterize—
24

1

H NMR results indicate that multiple non-interconverting isomers are present.23, 44 Spectroscopic

studies and work with highly-oxidized model compounds suggest that the active species of the blue
solution is most likely an iridium mono-μ-oxo dimer containing one pyalk ligand per metal center.2325, 45
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Figure 1.3. Transformation of the Cp*Ir(pyalk)(Cl) precatalyst to the proposed active catalyst of the
“blue solution.”
While precious metal catalysts have proven to be highly active for water oxidation, they
require material that is both expensive and scarce—iridium, for example, comprises less than 0.001
parts per million of the Earth’s crust and costs over $2500 per ounce as of December 2020.46-47 As
such, there is much interest in designing water-oxidation catalysts that incorporate Earth-abundant
metals for use in commercial devices. Due to its relevance to the oxygen-evolving complex in
Photosystem II, manganese was chosen by our group as the first-row transition metal of choice for
the development of new water-oxidation catalysts. In 1999, our group reported water oxidation by
the dimeric manganese compound [Mn2O2(terpy)2(H2O)2](NO3)3 (terpy = 2,2′;6′,2″-terpyridine), also
known as the Mn-terpy dimer (Figure 1.4A).48 Water oxidation by this complex could be driven
chemically by hypochlorite48 or Oxone (potassium peroxymonosulfate).49 The Mn-terpy dimer
proved to be one the most active Mn-based water-oxidation catalysts reported in the literature, but
it suffered from low stability due to degradation in its low-valent state. Further work resulted in the
development of dinuclear manganese catalysts incorporating a pyalk derivative ligand, bipyalk
(bipyalkH = 2([2,2′bipyridin]6yl)propan2ol).20 While the Mn-bipyalk catalyst showed slower
rates of O2 evolution compared to the Mn-terpy dimer, it also proved to be much longer lived.
Follow-up

studies

demonstrated

that

the

catalytically

active

species

was

[Mn2O2(bipyalk)2(H2O)2][OTf]2 (Figure 1.4B).19 Despite their activity for water oxidation using
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chemical oxidants, neither the Mn-terpy dimer or the Mn-bipyalk dimer showed any activity for water
oxidation under electrochemical conditions, and therefore they have not yet been incorporated into
artificial photosynthetic systems.
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Figure 1.4. Structure of manganese-based water oxidation catalysts: the Mn-terpy dimer (A) and
the Mn-bipyalk dimer (B).

1.2.4 Brief history of molecular copper-based electrocatalysts for water
oxidation
Of the Earth-abundant transition metals, copper is an intriguing choice for water-oxidation
catalysis due to its low cost and variety of available redox states. Copper also plays a key role in
oxygen activation and transfer in several enzymatic systems.50 The first copper-based
water-oxidation electrocatalyst was reported in 2012 by Mayer and coworkers, who demonstrated
that Cu(bpy)(OH)2 (Figure 1.5A, bpy = 2,2’-bipyridine) was an active molecular electrocatalyst for
water oxidation under basic conditions.51 This catalyst operated at an overpotential of 750 mV at
pH 12.8 with a turnover number of 100 s-1. Follow-up work on related complexes demonstrated the
influence of ligand design on catalytic performance. When one of the pyridine moieties in the bpy
ligand was replaced with imidazole (Figure 1.5C), the overpotential was decreased to ~650 mV at
pH 12, with a slightly lower turnover frequency of 35 s-1.52 This shift in overpotential was attributed
to the more electron-donating nature of the imidazole ring. In another study, pendant hydroxyl
groups were incorporated on to the bpy scaffold (Figure 1.5B), resulting in a decrease in
overpotential to 510-560 mV in the pH range 12-14.53 The decrease in overpotential was attributed
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to involvement of the ligand in catalysis—by oxidizing the ligand in the second step rather than the
metal, the potential required for catalysis was calculated to be lowered by ~300 mV.
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Figure 1.5. Proposed structures of Cu(bpy)(OH)2 electrocatalyst and its derivatives discussed in
this work.
Following the publication of the Cu(bpy)(OH)2 catalyst, numerous other copper complexes
were found to be water-oxidation electrocatalysts. While it is beyond the scope of this chapter to
catalog every reported catalyst, a thorough review can be found in reference 54. Some notable
examples with respect to benchmark values and mechanism are discussed in this section.
In

2014,

Zhan’s

group

reported

[Cu(obpa)]2-

(Figure

1.6A,

obpa

=

o-phenylenebis(oxamato)) as an electrocatalyst for water oxidation, with an overpotential of
626 mV and turnover frequency of 1.13 s-1 at pH 10.8.55 This work was later expanded by Llobet’s
group, who synthesized a family of modified ligands that could be used with copper to generate
water-oxidation electrocatalysts (Figure 1.6B).56 With these modifications to the ligands, the
overpotential for catalysis could be considerably reduced to as low as 170 mV for the most
electron-donating ligand (R1=R2=OMe). There was a noted tradeoff between catalytic rate and
overpotential—the analogue that operated at the highest overpotential (700 mV) also displayed the
fastest rate (3.56 s-1), while the one operating at the lowest overpotential (170 mV) had the slowest
rate (0.36 s-1). These complexes were all proposed to operate through a single-electron transfer
water-nucleophilic attack mechanism, in which the ligand played a redox non-innocent role.
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Figure 1.6. Structures of Cu-obpa catalysts and derivatives (top), and structure of porphyrin
catalyst (bottom).
In 2019, Cao reported the water-soluble copper-based electrocatalyst utilizing the
tetrakis(4-N-methylpyridyl)porphyrin ligand scaffold

(Figure 1.6C). This electrocatalyst was

reported to have an overpotential of 310 mV and turnover frequency of 30 s-1 in neutral pH solution
(pH 7).57 In addition to being one of only a handful of copper water-oxidation electrocatalysts to
operate at neutral pH, this compound is proposed to operate through a mechanism involving the
formation of a Cu-H2O2 species rather than the formation of a copper-oxyl radical, and it was
postulated that this unique mechanism may be the reason the catalyst operates with such low
overpotential under neutral pH conditions. Additionally, it was demonstrated that the catalyst could
facilitate the 2e- oxidation of water to H2O2 under acidic conditions.
The first dimeric copper water-oxidation electrocatalyst was [Cu2(BPMAN)(μ-OH)]3+ (Figure
1.7A, BPMAN = 2,7-[bis(2-pyridylmethyl)aminomethyl]-1,8naphthyridine), reported by Zhang in
2015.58 This catalyst operated at an overpotential of 780 mV with a turnover number of 0.6 s-1 and
was also among first copper water-oxidation electrocatalysts to operate at neutral pH. Mechanistic
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studies demonstrated that the complex likely generates O2 through an intramolecular coupling
mechanism. In a follow-up work, a mononuclear compound bearing the TPA ligand
(TPA = tris-(pyridylmethyl)amine), the monodentate derivative of BPMAN, was tested for wateroxidation activity.59 The authors found that the mononuclear species was competent for wateroxidation electrocatalysis, but it operated at significantly higher overpotentials and with much
slower kinetics than its bimolecular counterpart. Based on DFT calculations, it was determined that
the mononuclear and dinuclear catalyst operated through two different mechanisms: the single-site
catalyst underwent water-nucleophilic attack, while the bimolecular species generated O2 through
an intramolecular coupling reaction. The authors hypothesized that the cooperative effects of
having multiple copper centers resulted in the improved performance of the bimolecular species.
In 2016, the Kieber-Emmons group also reported a dinuclear copper species capable of
water-oxidation

electrocatalysis,

[[(Me2TMPA)Cu(II)]2-(μ-OH)2](OTf)2.,

(Figure

1.7B,

Me2TMPA = bis((6-methyl-2-pyridyl)methyl)(2-pyridylmethyl)amine) and found that, regardless of
whether the initial species was a mononuclear or dinuclear, catalysis proceeded through the same
dinuclear species.60
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Figure 1.7. Binuclear copper electrocatalysts discussed in this work. (A) Structure of
[Cu2(BPMAN)(μ-OH)]3+. (B) Structure of [[(Me2TMPA)Cu(II)]2-(μ-OH)2](OTf)2.

1.2.4.1

Important considerations for copper electrocatalysts

As copper is a labile metal in its low-valent states, it is important to ascertain the stability of
molecular copper electrocatalysts under catalytic conditions. If a molecular complex loses its
ligands in a low-valent state, or if the ligands are degraded under oxidizing conditions, copper salts
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or heterogeneous copper oxides and copper hydroxide species may be formed, all of which have
been shown to catalyze water oxidation electrochemically under basic conditions.61-64 As many
copper electrocatalysts for water oxidation operate at pH values above 8, such decomposition is of
particular concern. Therefore, great care must be taken to ensure that the molecular species
remains intact during catalysis. As only the molecules directly in contact with the electrode are
active for electrocatalysis at any given time, it can be quite challenging to simply discern by eye
whether or not an electrocatalyst is decomposing. The following techniques are often used to
differentiate homogeneous species from heterogeneous ones.
Electrode surface analysis. The electrode surface can be probed using analytical methods
to determine if heterogeneous species are present. Generally, bulk electrolysis under catalytic
conditions is performed and subsequently the working electrode is gently rinsed or air-dried. The
electrode surface can then be visually probed using microscopy methods such as scanning
electrode microscopy (SEM). The surface composition can also be probed using energy dispersive
X-ray spectroscopy (EDX), which can give insight into the elements present on the surface of the
electrode, even if they cannot be observed visually.
Cyclic voltammetric methods. Cyclic voltammetry can provide insight into the nature of the
active catalytic species. Common signs of decomposition of a molecular species include the
presence of irreversible features directly prior to the onset of catalysis (also known as “pre-wave”)
and curve-crossing on the return scan. The presence of a pre-wave is indicative of a transformation
of the molecular species prior to catalysis,65-67 while the presence of curve crossing indicates that
the catalytic activity has increased over the course of the scan, suggesting a transformation to a
more active species.68 While neither feature is definitive proof of catalyst decomposition to a
heterogeneous species, they do indicate that the active catalyst may not be the same as the
species initially dissolved in solution, and further investigation as to the nature of the active catalyst
is warranted.
Other important tests for heterogeneity that can be conducted using cyclic voltammetry
include rinse tests and cycle tests. In a rinse test, CV or bulk electrolysis is performed with both the
molecular catalyst and substrate in solution.29, 67, 69-70 The working electrode is then removed from
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solution, gently rinsed, and then placed into fresh solution containing only substrate, and a CV is
taken. If a heterogeneous active species is present on the electrode, a catalytic wave will be
observed. In a cycle test, a solution of catalyst and substrate undergoes dozens or hundreds of CV
cycles and the peak current is monitored.71 An increase in current over time may be suggestive of
the formation of a heterogeneous species.
Chronoamperometry. While the formation of nanoparticles often cannot be observed directly
on a CV timescale, longer time scale experiments can give insight as to whether a new species is
being formed. In a typical chronoamperometry experiment, a constant potential is applied for a fixed
duration of time, ranging from several minutes to several hours. During these experiments, physical
decomposition of the catalyst, such as the formation of nanoparticles, may be observed.
Additionally, the presence of an induction period in the current vs. time plots may also indicate the
formation of a heterogeneous species.67, 69 Such plots may show a marked increase in current with
time due to the increased surface area of the heterogeneous species on the electrode. For
water-oxidation catalysis, induction periods can additionally be probed using real-time gas analysis
methods such as a Clark electrode. If a heterogeneous species needs to be formed before water
oxidation can occur, a delay in product formation may be observed.72-73
Solution and in-situ methods for nanoparticle detection. In some instances, an
electrocatalytically-active heterogeneous species may be formed during an experiment, but it does
not adhere to the surface of the electrode and thus is not observed by SEM or other surface analysis
methods. Therefore, to complement surface analysis, analysis of the catalytic solution should also
be performed. Dynamic Light Scattering (DLS) is often used to probe for the presence of
nanoparticles in solution.44, 67
Additionally, application of an oxidizing or reducing potential can generate an
electrocatalytically active heterogeneous species that is unstable in the absence of applied
potential. In some cases, the heterogeneous species formed under applied potential can even rebind to the ligand framework once the applied potential is removed.74 Therefore, it may be
necessary to probe the solution for the presence of nanoparticles during electrocatalysis, not just
after catalysis. In situ X-ray absorption and EXAFS measurements can be used to detect the
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presence of nanoparticles or clusters under electrocatalytic conditions,74-76 as can electrochemical
quartz crystal microbalance measurements.67, 77
It is important to note that just one test is not sufficient for demonstrating the homogeneity of
an electrocatalyst. For instance, if catalytically active nanoparticles are generated in solution but
do not adhere to the electrode or decompose in the absence of applied potential, the system may
pass a rinse test and SEM analysis even though the catalytically active species is not molecular.
Therefore, numerous tests should be performed, and even one “failure” should be reason to
suspect the formation of a heterogeneous species.

1.3

Proton-coupled electron transfer in energy conversion
Many reactions relevant to energy storage, including water oxidation, involve the transfer of

both protons and electrons. The process of photosynthesis provides a quintessential example: 24
protons and 24 electrons are required to produce glucose from CO2 and H2O. In the case of most
transformations relevant to energy storage, some steps involve the discrete transfer of an electron
or proton, while other steps may involve a proton and electron traveling together in a concerted
fashion. Understanding the factors that control proton-coupled electron transfer (PCET) reaction
pathways is currently the subject of great interest, as such understanding could aid in the design
of more efficient systems for energy-related transformations.

1.3.1 Mechanisms of proton-coupled electron transfer
Proton-coupled electron transfer can proceed through two types of pathways: stepwise or
concerted, as shown in Figure 1.8.78 The stepwise pathways consist of proton transfer followed
by electron transfer (PT-ET) or electron transfer followed by proton transfer (ET-PT). In the
concerted pathway, known as concerted proton-electron transfer (CPET) or hydrogen atom
transfer (HAT),79 the proton and electron travel simultaneously, although they may ultimately end
up at different sites; for instance, a proton may travel to a ligand-based orbital of a molecule while
the electron travels to the metal-based orbital. In a CPET/HAT mechanism, no discrete ET or PT
intermediate is formed, and as such these mechanisms avoid the formation the high-energy
intermediates that may be formed through stepwise pathways.
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Figure 1.8. Stepwise and concerted mechanisms of proton-coupled electron transfer (PCET).
Reactions proceeding through concerted pathways can generally be distinguished from
their stepwise counterparts through thermodynamic and kinetic measurements. For CPET/HAT
reactions, the Evans-Polyani principle,80-81 which relates the driving force for the reaction with the
activation energy, is often invoked. This relationship can be demonstrated by plots of log(k), where
k is the rate constant for the reaction, vs. substrate bond dissociation enthalpy (BDE) or bond
dissociation free energy (BDFE). While BDE is often used due to the availability of BDE values for
many compounds, Mayer and coworkers have demonstrated that the use of BDFE is more
accurate, particularly for transition-metal based systems, as BDFEs take into account nonnegligible entropic contributions.81-83 In addition to plots of log(k) vs. BD(F)E, a plot of free energy
barrier versus driving force can also be constructed, which should have a Brønsted slope of ½ for
CPET/HAT, as predicted by Marcus theory.84-85 Examples of such analyses are provided in the
following section.
Recently, computational and experimental evidence has suggested that concerted protonelectron transfer can occur through “asynchronous” pathways, which lie between the two extremes
of entirely stepwise and entirely concerted pathways.86 In asynchronous CPET pathways, the
transition state displays more PT- or ET-like character than for a purely concerted transition.
Transition states that have significant PT character are referred to as “basic asynchronous,” while
transition states that have significant ET character are referred to as “oxidative asynchronous”. It
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has been proposed that asynchronous pathways may have lower activation energies than their
synchronous counterparts.

1.3.2 Significant examples of PCET by high-valent metal species
Transition metal complexes have been extensively studied for their proton-coupled electron
transfer reactivity. A thorough review of all high-valent metal species demonstrating PCET reactivity
is outside of the scope of this Introduction, but thorough reviews can be found in references 78 and
87. Some notable examples of PCET mediated by high-valent metal species are discussed in this
section.
One of the earliest and best characterized transition metal complexes that undergoes PCET
from hydrocarbons is [cis-RuIV(bpy)2(py)(O)]2+ (bpy = 2,2’-bipyridine, py = pyridine, Figure 1.9).8788

In 2003, Mayer and coworkers demonstrated that this compound reacts with hydrocarbons

through a hydrogen atom abstraction mechanism by showing that the rate of hydrogen atom
abstraction varied linearly with substrate BDE, in accordance with the Evans-Polanyi relationship
described earlier. It was also demonstrated that measured rate constants followed the Marcus
cross relation.89

Figure 1.9. Structure of [cis-RuIV(bpy)2(py)(O)]2+ and plot of ln(k) vs. substrate BDE for hydrocarbon
substrates. The linear correlation between log(k) and substrate BDE is consistent with a HAT
mechanism. Reprinted with minor modifications with permission from ref. 81.
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In addition to the [cis-RuIV(bpy)2(py)(O)]2+ system, a variety of high-valent metal-oxo and
metal-hydroxo systems have been shown to mediate PCET processes. High-valent iron-oxo and
manganese-oxo compounds are of particular interest due to their biological relevance for water and
C-H oxidation. For example, both iron and manganese compounds incorporating PY5 ligands
(PY5 = 2,6-(bis-(bis-2-pyridyl)methoxymethane)pyridine), synthesized as models of lipoxygenase,
were shown to undergo hydrogen atom transfer from dihydroanthracene, as well as other organic
substrates.90 The iron complex was proposed to operate through an iron(IV)-oxo intermediate, while
the manganese complex operated through manganese(III)-hydroxide. Both showed strong linear
correlations between log(k) and substrate BDE.
Work from Mayer and coworkers further demonstrated that CPET can occur even when the
proton-accepting or proton-donating site is not directly coordinated to the metal center. For
example, in FeII(H2bim), the proton-donating site is located roughly ~4 Å away from the metal
center, but proton and electron transfer from FeII(H2bim) are still coupled (Figure 1.10A).91-92 This
work was further expanded upon by Mayer through a series of ruthenium-carboxylate systems, in
which the distance between the electron-accepting center and proton-accepting center was varied
by up to 11 Å, but it was shown in all cases that the system still underwent concerted
proton-electron transfer (Figure 1.10B).93-94
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Figure 1.10. Structures of FeII(H2bim) (A), RuCOO-, and RuPhCOO- (B). These molecules react
through concerted proton-electron transfer pathways despite the distance between electron and
proton.
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Not all metal-(hydr)oxo complexes that undergo PCET operate through CPET/HAT,
however, and the electronics of the complex can drastically affect the mechanism by which PCET
operates. For instance, when the central Mn atom is in its 4+ oxidation state in [Mn(H3buea)(O)](Figure 1.11B, H3buea = tris[(N)-tert-butylureaylato)-N-ethyl)]aminato), the complex undergoes
PCET from hydrocarbons through a concerted mechanism. However, when Mn is reduced to the
3+ state in the same complex ([Mn(H3buea)(O)]2-, Figure 1.11A), it undergoes PCET through a
stepwise PT-ET pathway, as evidenced by a faster rate constant for the reaction of Mn(III) with
diyhdroanthracene despite a lower driving force.95-96
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Figure 1.11. Structures of ([Mn(H3buea)(O)]2- (A) and [Mn(H3buea(O)]- (B), reported by Borovik
and coworkers. (A) reacts with hydrocarbon substrates through a stepwise PT-ET mechanism,
while (B) reacts through CPET/HAT.
Another mechanistic subtlety in CPET/HAT by high-valent metal complexes is
asynchronicity.

Recently,

the

Co(III)-oxo

complex

PhB(tBuIm)3CoIIIO

(PhB(tBuIm)3–

=

tris(1-tert-butylimidazol-2-ylidene)phenylborate) was reported to react with hydrocarbons through
a basic-asynchronous CPET mechanism.97 The authors demonstrated that reaction rate correlated
with substrate pKa rather than BD(F)E, but DFT calculations and experimental evidence suggested
that the reaction did not proceed through discrete stepwise intermediates. These findings led the
authors to conclude that the reaction proceeded through a basic asynchronous pathway.

1.3.3 PCET reactivity of Cu(III) and Ni(III)
CPET from hydrocarbons and phenols by copper(III) complexes is relatively recent.
Several notable early examples of copper(III) compounds showing hydrogen atom abstraction
reactivity were di-μ-oxo copper dimers. One example was a bis(μ-oxo)copper(III) dimer which
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demonstrated a wide range of reactivity with catechols and hydrocarbons. While PCET reactivity
was observed, the exact mechanisms were not able to be determined due to complex reaction
kinetics.98
In 2015, Tolman and coworkers reported the first mononuclear Cu(III) compound capable
of hydrogen atom abstraction from hydrocarbons. The reported CuIII-hydoxo complex Cu(pyN2iPr2)
(pyN2iPr2 = N,N′-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide, Figure 1.12) showed fast
reactivity with hydrocarbons, with a rate constant of k =

R = iPr, Me
~186

M-1

s-1

at

25

°C

for

the

reaction

with

dihydroanthracene, which rivals those of many high-valent
Mn, Fe, and even Ru compounds. A plot of log(k) vs. BDE
showed an excellent linear correlation, suggesting that the
reaction proceed through CPET/HAT, and thermodynamic
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Figure 1.12. Structure of the copper(III)
complex reported by Tolman and
formed in the Cu(II) product. Structural variation of the coworkers, Cu(pyN2R2), which reacts
with hydrocarbons and phenols through
complex through modification of the supporting ligand later a hydrogen atom transfer mechanism.
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demonstrated that the rate of reaction with dihydroanthracene corresponded with O-H BDE values
of the products.100 Further work on the reactivity of these complexes with phenols demonstrated
some mechanistic dichotomy—PCET appeared to operate through a concerted pathway for most
phenolic substrates tested, but reactions with the most acidic phenols appeared to operate through
a stepwise PT-ET pathway.101
Compared to copper, there are even fewer examples of PCET by Ni(III) complexes, and little
thermodynamic data for the reported systems are available. One of the first reported examples of
PCET by a Ni(III) complex was reported in 2012 by Ray and coworkers, who reported a putative
nickel(III)-oxygen species generated from the reaction of Ni(TMG3tren) (TMG3tren =
1,1,1-tris[2-[N2-(1,1,3,3-tetramethylguanidino)]ethyl]amine) with mCPBA.102 This species was
reported to react with hydrocarbons through a CPET/HAT mechanism, but the exact identity of the
reactive species could not be characterized. Similarly, Company and coworkers reported a potent
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formally Ni(IV)-oxygen species capable of oxidizing C-H bonds through CPET/HAT,103 but the
transient nature of the species made it difficult to characterize thoroughly.
The first well-characterized mononuclear Ni(III) species
to show oxidative CPET reactivity was reported by McDonald

O
N

and coworkers in 2016 (Figure 1.13).104 McDonald and
coworkers prepared a series of Ni(III)-X species (X = ONO2,

N Ni X

OAc, OCO2H) and tested their reactivity with phenols and

N
O

hydrocarbons. The complexes all showed PCET reactivity with
substrates, with X = ONO2 being the fastest. A linear correlation
between log(k) and BDE was demonstrated for the reaction with
hydrocarbons, although the exact nickel-containing product of
the reaction could not be directly observed. Furthermore, the
pKa values of these complexes could not be measured, and so

X = ONO2, OAc, OCO2H, Cl
Figure 1.13. Structure of the Ni(III)
complexes reported by McDonald
and coworkers, Ni(pyN2Me2)(X),
which reacts with hydrocarbons and
phenols through a hydrogen atom
transfer mechanism.

thermodynamic measurements such as BDE/BDFE of the products could not be obtained.
McDonald and coworkers soon after reported CPET/HAT by a Ni(III)-Cl species (X = Cl in
Figure 1.13), which underwent a unique CPET mechanism to generate and release HCl.105 This
complex was mainly tested with substituted di-tert-butyl phenols, but also showed reactivity with
hydrocarbons containing weak C-H bonds as well. Evans-Polanyi relationships as well as Hammett
analysis demonstrated that this complex, too, operated through a concerted mechanism; however,
complete thermodynamic measurements could not be made due to lack of pKa data.

1.4

Outline of Dissertation
Over the course of my PhD, I have mainly worked on projects that fall into the two broad

categories described in this chapter: water-oxidation electrocatalysis and proton-coupled electron
transfer by high-valent molecules. As such, this thesis is broken into two sections. The first section
(Chapters 2-3) describes work on the development and elucidation of the mechanism of a highly
active copper electrocatalyst for water oxidation. Chapter 2 describes the synthesis and
characterization of the water-oxidation electrocatalyst Cu(pyalk)2. We found that this molecule
oxidized water electrochemically under basic conditions and found it to be a robust system for water
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oxidation. Chapter 3 describes the collaborative theoretical-experimental study of the mechanism
of water oxidation by Cu(pyalk)2. In this chapter, we provide theoretical and experimental support
for a water-nucleophilic attack mechanism, including foot-of-the-wave analysis and kinetic isotope
effects. The second section (Chapters 4-5) focuses on studies related to proton-coupled electron
transfer by high-valent nickel- and copper-pyalk species. In Chapter 4, we describe synthesis and
characterization of the Ni(III) species, Ni(pyalk)2+, and examine its activity for proton-coupled
electron transfer with phenols and hydrocarbons. We found that this complex oxidizes C-H and OH bonds through concerted proton-electron transfer and that the high BDE of the O-H bond formed
likely explains its fast reactivity with substrates. Chapter 5 describes the synthesis and
characterization of an analogous Cu(III) species, Cu(pyalk)2+, and addresses the PCET reactivity
of this species compared to its isostructural nickel counterpart.
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Part One. Study of water oxidation-catalysis by first-row transition
metal complexes.
Chapter 2. Electrocatalytic water oxidation by a copper(II)
complex of an oxidatively resistant ligand
This work was adapted from Fisher, K. J.; Materna, K. L.; Mercado, B. Q.; Crabtree, R. H.; Brudvig,
G. W. ACS Catal. 2017, 7, 3384-3387. KJF conducted experiments and wrote the manuscript. KLM
assisted with Clark electrode and gas chromatography experiments as well as editing of the
manuscript. BQM prepared X-ray crystal structures. Reprinted with minor modifications with
permission from the American Chemical Society, 2017.

2.1

Introduction
Water oxidation (Equation 1.1) is a vital component of natural and artificial photosynthetic

systems, which convert sunlight into storable chemical fuels.1-2 As discussed in Chapter 1, a key
challenge in developing artificial photosynthetic systems is designing stable, highly active
water-oxidation catalysts (WOCs).3-6 Early molecular WOCs primarily utilized precious metals,
notably ruthenium7-8 and iridium,9-11 but in recent years, significant effort has gone toward the
development of WOCs which incorporate inexpensive and abundant metals. Manganese was the
first of these Earth-abundant metals to be utilized in a molecular WOC,12-13 but recent research has
expanded the WOC library to include iron,14-15 cobalt,16-17 nickel,18-19 and copper.20-21 Of these
metals, copper is an attractive choice due to its Earth-abundance, biomimetic chemistry with
oxygen,22 and well-studied coordination chemistry.
H2O à O2 + 4H+ + 4e-

(Equation 2.1)

Since the 2012 report of the first molecular copper WOC, Cu(bpy)(OH)2 (bpy = 2,2'bipyridyl),20 several other molecular copper WOCs have been developed.21, 23-32 However, many of
these catalysts operate at high overpotentials20, 23 and have not been evaluated for stability during
electrolysis over long periods of time. In this chapter, we report that the water-soluble and robust
copper complex Cu(pyalk)2 (2, Figure 2.1C) is an electrocatalyst for water oxidation at basic pH.
To retain the molecular nature of a catalyst under the harsh conditions necessary for water
oxidation, oxidation resistant and tightly binding ligands are necessary. We have previously
demonstrated the oxidation resistance of 2-pyridinyl-2-propanol (pyalkH, Figure 2.1A),33-36 which
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is an effective ligand for iridium WOCs.37 As copper is more labile than iridium, we hoped to further
demonstrate the ligand's resistance to dissociation. The bound ligand is easily deprotonated to form
the strongly donating alkoxide form, which is known to stabilize high oxidation states such as
Rh(IV)34 and Ir(IV).33

2.2

Synthesis and characterization of [Cu(pyalkH)2Cl]+ and Cu(pyalk)2
The pyalkH-containing catalyst precursor 1 (Figure 2.1B) was generated by treating

copper(II) chloride with two equivalents of ligand in acetonitrile/methanol (1:10 v/v). The
deprotonated form, 2 (Figure 2.1C), was prepared by the addition of 1 M potassium hydroxide to
a solution of 1.

A)
HO

N

deprotonation site

+

B)

N

OH
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N
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N
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Figure 2.1. Structures of pyalk ligand, Cu(pyalkH)2(Cl)+, and Cu(pyalk)2. A) Structure of 2-pyridinyl2-propanol (pyalkH). The ligand can be deprotonated at the highlighted site to produce the highlydonating alkoxide form. B) Structure of Cu(pyalkH)2(Cl)+ (1). C) Structure of Cu(pyalk)2 (2).
The X-ray crystal structures of copper-pyalk complexes 1 and 2 are shown in Figure
2.2A-B. 1 has a distorted trigonal bipyramidal structure (Figure 2.2A). Two pyalkH ligands are
bound to the metal center with the fifth coordination site occupied by a chloride ligand. A second
chloride serves as a counteranion. 1 has lmax at 710 nm with e = ~225 M-1 cm-1 (Figure 2.2C). An
acetate analogue of 1, [Cu(Hpyalk)2(OAc)](OAc) (3), was also synthesized (Figure 2.26).
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Figure 2.2. Structures and UV-Visible spectra of 1 and 2. A) X-ray crystal structure of 1,
[CuII(pyalkH)2(Cl)]Cl, with 50% thermal ellipsoid probability levels. Hydrogens, except those on
heteroatoms, are omitted for clarity. B) X-ray crystal structure of 2, Cu(pyalk)2, with 50% thermal
ellipsoid probability levels. Hydrogens are omitted for clarity. C) UV-visible spectrum of 1 in water.
D) UV-visible spectrum of 2 in water.
Upon the addition of two equivalents of strong base to a solution of 1, the pyalkH ligands
are deprotonated, and the resulting Cu(II) complex 2 adopts a square planar structure with the
pyalk O-donors mutually trans (Figure 2.2B). 2 displays lmax at 575 nm with e = ~175 M-1 cm-1 from
pH 8 to 14 (Figure 2.2D). lmax varies linearly with complex concentration, consistent with 2 being a
single species in solution.27 Upon the addition of two equivalents of hydrochloric acid, the pyalk
ligands of 2 can be protonated to regenerate 1 (Figure 2.3). This reversible protonation of the
ligand is an attractive feature for a water-oxidation catalyst, as it may allow for proton-coupled
electron transfer (PCET), a common reaction step in water oxidation.
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Figure 2.3. Treatment of 2 with increasing equivalents of 1 M HCl to regenerate 1 as monitored by
UV-Visible spectroscopy.

2.3

Electrochemical characterization and water oxidation electrocatalysis of 2
The electrochemical properties of 1 and 2 were probed by cyclic voltammetry (CV) using a

boron-doped diamond (BDD) working electrode (Figure 2.4). All potentials are reported vs. NHE.
Under neutral pH conditions in 0.1 M aqueous KNO3, 1 displayed no significant redox features. 2
displayed a quasi-reversible couple with E1/2 = 1.26 V. Prior work on RhIV(pyalk)3 demonstrated that
the ligand stabilizes high oxidation states without participating directly in housing the electron
hole,34 so this wave was assigned to a Cu(II/III) redox couple as opposed to ligand-centered
oxidation. Upon the addition of 0.1 M KOH, a dramatic current enhancement relative to background
was observed. Our data suggest that this current enhancement is a result of catalytic water
oxidation. The catalytic wave is pH dependent, with the peak position varying by ~-40 mV/pH unit
(Figure 2.10). The half-peak potential for catalysis between pH 10.4-13.3 ranges from 0.92-1.02 V,
leading to an overpotential of 520-580 mV, a range comparable with those of other copper-based
electrocatalysts.31
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Figure 2.4. CV of 2 (5 mM) in 0.1 M KNO3/0.1 M KOH at pH 8 (blue) and pH 13.3 (red). Conditions:
BDD working electrode, Pt wire auxiliary electrode, Ag/AgCl reference electrode, 100 mV/s scan
rate. Inset: Enlarged view of the quasi-reversible Cu(II/I) couple.
While scanning cathodically under an N2 atmosphere, 2 shows a quasireversible, scanrate dependent wave with E1/2 = -0.2 V (Figure 2.4 inset, Figure 2.12). This process was assigned
to the Cu(II/I) couple. Both the catalytic wave and the Cu(II/I) couple are also present when glassy
carbon is used as the working electrode (Figure 2.11).
Oxygen evolution by 2 was investigated using controlled potential electrolysis (CPE) at
1.1 V using a large surface area ITO working electrode (~1 cm2). Oxygen evolution was detected
using a Clark-type electrode and was monitored at four pH values for 250 s each (Figure 2.5,
Figure 2.13). No significant oxygen evolution was observed below pH 10.4. The oxygen-evolution
rate increased with pH, owing perhaps to the reduced thermodynamic barrier for water oxidation at
higher pH values.
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Figure 2.5. Oxygen evolution by 2 (1 mM) at various pH values in 0.1 M KNO3/KOH. Oxygen
evolution due to bare ITO at each pH is subtracted. Conditions: ITO working electrode, Pt wire
auxiliary electrode, Ag/AgCl reference electrode, 1.1 V applied potential.
To evaluate the stability of the catalyst over longer periods of time, CPE was performed on
a 2 mM solution of catalyst in 0.1 M KNO3/KOH at pH 12.5. During CPE at 1.1 V for 12 h, current
density was maintained at >1 mA/cm2 (Figure 2.6B). The slight decay in current after several hours
of electrolysis is attributed to the consumption of OH- at the electrode, supported by the observed
pH drift from 12.5 to ~10 over the course of CPE. The amount of O2 produced was quantified by
gas chromatography (Figure 2.6A). After accounting for the O2 produced by bare ITO, the O2
produced purely by the catalyst was found to be ~600 μmol, corresponding to >30 catalytic
turnovers based on [2] in solution. This value is likely a substantial underestimate of the true
turnover number, since at any time only a fraction of the catalyst in solution is near enough to the
electrode surface to be active for electrocatalysis. Even so, this turnover number is fairly high when
compared to similar data from other reported homogeneous copper catalysts;31-32 thus, 2 can be
considered a highly effective and robust catalyst for water oxidation.
Degradation of the catalyst during CPE was monitored by UV-visible spectroscopy. After
12 h of electrolysis, only ~20 % of the catalyst appeared to have degraded (Figure 2.14). This
degradation is attributed to direct reduction of Cu(II) to Cu(0) on the counter electrode, a result of
diffusion of some of the Cu(II) complex through the glass frit connecting the working and counter
electrodes, and was visible as copper metal plated on the counter electrode. The Faradaic
efficiency of water oxidation was calculated to be ~75% based on the charge passed during
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electrolysis. The deviation from ideal efficiency may be explained by the presence of residual O2
remaining dissolved in solution that would not be detected by headspace sampling.

Figure 2.6. Oxygen evolution by 2 over the course of 12 hours. A) GC trace before CPE (grey) and
after 12 hours of CPE at 1.1 V (red). Conditions: ITO working electrode, Pt wire auxiliary electrode,
Ag/AgCl reference electrode. B) Catalytic current over 12 hours CPE.

We next wanted to determine if 2 remained homogeneous during catalysis. After 2 h of
CPE at an ITO electrode, no particle or film formation was detectable on the surface of the working
electrode by scanning electron microscopy (SEM), and no copper was detected by energy
dispersive X-ray spectroscopy (EDX) over the surface (Figure 2.7A-B).
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Figure 2.7. SEM and EDX analysis of working electrode following bulk electrolysis. A) SEM image
of ITO electrode after 12 h CPE in 0.1 M KNO3 adjusted to pH 12.5 at 1.2 V. B) EDX spectrum of
ITO surface. No traces of Cu were found. The presence of Al and Si in the EDX spectrum is due to
the glass substrate.
Additionally, when CPE was performed for 2 h with a BDD electrode on a 1 mM solution of
2 under catalytic conditions, no catalytic activity was observed when the electrode was rinsed and
then placed into a fresh, catalyst-free solution (Figure 2.15). In addition, catalysis is not due to
uncomplexed Cu(II) being formed in solution, as the addition of Cu(SO4)2 to electrolyte solution at
pH 12.5 caused the immediate precipitation of Cu(OH)2. While Cu(OH)2 has some heterogeneous
water oxidation activity, the half-peak potential is significantly higher than that of 2, and the shape
of the catalytic wave is significantly different (Figure 2.16).
No other homogeneous copper WOCs involving a bis-N,O ligand scaffold appear to be
known. In order to compare the catalytic activity of 2 to that of a copper compound of similar
geometry and donor types, the related copper(II) picolinate (Cu(pic)2) was prepared. The CV of
Cu(pic)2 in 0.1 M KNO3/KOH at pH 12.5 appeared to show activity for water-oxidation
electrocatalysis; however, further inspection revealed the presence of a light blue precipitate in
solution and on the electrode after repeated CV cycles. This solid was collected and resuspended
in fresh electrolyte, and the resulting CV showed a catalytic wave almost identical to the first,
demonstrating that this solid, identified as Cu(OH)2 based on FTIR measurements (Figure 2.19,
Figure 2.20),38 was responsible for water oxidation (Figure 2.17, Figure 2.18). Cu(pic)2 is,
therefore, not competent for homogeneous water-oxidation catalysis under our conditions. This
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result further demonstrates the effectiveness of pyalk as a ligand for homogeneous WOCs, notably
in remaining bound under reaction conditions.

2.4

Kinetics and mechanistic insight on electrocatalysis by Cu(pyalk)2
CV measurements of 2 show that the peak catalytic current varies linearly with [2] from 0-2

mM at pH 12.5 (Figure 2.21). This first order dependence is consistent with a single-site
mechanism for water oxidation according to Equation 2.2.39 In Equation 2.2, icat is the catalytic
current, ncat is the number of electrons transferred in the catalytic process (ncat = 4 for water
oxidation), F is Faraday’s constant, A is the electrode surface area, D is the catalyst’s diffusion
coefficient, and kcat is the pseudo-first order rate constant, often referred to as the turnover
frequency (TOF).
&/3

𝑖1,2 = 𝑛1,2 𝐹𝐴[𝐶𝑢]𝐷&/3 𝑘1,2

(Equation 2.2)

As discussed in Chapter 1, kcat can be estimated by comparing the catalytic current to the
diffusive current for a reversible process (Equation 2.3).39 In Equation 2.3, n is the number of
electrons transferred in the reversible process, n is the scan rate, R is the universal gas constant,
and T is the absolute temperature. All other constants are the same as in Equation 2.2.
4%56 &/3
)
#$

𝑖- = 0.4633𝑛- 𝐹𝐴[𝐶𝑢](

(Equation 2.3)

Taking the ratio of Equations 2.2 and 2.3, substituting in the appropriate constants, and
setting ncat = 4 and np = 1, results in Equation 2.4, which gives a simple relationship between ic/ip
and the TOF.

7#
7"

𝑘
= 1.38; 1,2=𝑣

(Equation 2.4)

For 2, ic is the peak catalytic current and ip is the peak current of the reversible couple. A
plot of ic/ip vs. n-1/2 (Figure 2.22) was constructed to estimate the TOF. From the slope of the graph,
a TOF of ~0.7 s-1 at pH 12.5 was estimated, a result comparable to data reported for other copper-
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based WOCs.24, 27, 31 This value of kcat is only an estimate, as the water-oxidation process is far
more complicated than this simple model.
The partial water-oxidation product hydrogen peroxide was not observed during or after
catalysis. When 2 is treated with hydrogen peroxide, H2O2 is rapidly converted to H2O and O2, as
monitored by a Foxy OceanOptics fluorescence probe (Figure 2.8). If any H2O2 were formed, it
would, therefore, not survive. We cannot exclude the intermediacy of a reactive CuOOH
intermediate, as has been suggested for other copper WOCs.21

Figure 2.8. Plot of O2 produced vs. time for a 1 mM aqueous solution of 2 upon addition of 3%
H2O2 solution.

2.5

Conclusions and outlook
In summary, we have described a highly active and robust homogeneous copper water-

oxidation electrocatalyst incorporating the oxidation- and dissociation-resistant pyalk ligand. The
catalyst operates under basic conditions with an overpotential of 520-580 mV and can perform at
least 30 catalytic turnovers with only ~20% catalyst degradation. Electrochemical and SEM/EDX
analyses revealed no degradation to Cu(OH)2 or CuO, indicating that 2 remains molecular under
electrocatalytic conditions. Electrochemical mechanistic analysis indicates that the catalyst remains
monomeric and has a turnover frequency of 0.7 s-1 at pH 12.5. 2 is also shown to be able to convert
H2O2 to H2O and O2, suggesting that a copper-hydroperoxo intermediate is possible. Lastly, this
study highlights the possibility of using the pyalk ligand to bind earth abundant metals for robust,
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inexpensive water-oxidation catalysis. Copper compounds containing similar chelating ligands with
weaker donor ability, such as picolinate, were shown to decompose under the same conditions
where 2 is active. These results highlight the advantages of incorporating a strong donor ligand
onto a first-row metal electrocatalyst for water oxidation.
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2.6

Experimental

2.6.1 General
All materials were purchased from Aldrich or Alfa-Aesar and used without further
purification unless otherwise noted. All solvents were purchased from commercial vendors. pyalkH
was prepared according to literature procedures.40

2.6.2 Physical Methods
UV-visible Spectroscopy. Absorption spectra were collected using a Cary 50
spectrophotometer.
ATR-FTIR Spectroscopy. Attenuated total reflectance Fourier transform infrared (ATRFTIR) spectroscopic measurements were performed using a PIKE technologies GladiATR.
SEM-EDX. A Hitachi SU-70 analytical scanning microscope was used for scanning
electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) measurements.
Electrochemistry and O2 Evolution Measurements. Electrochemical measurements
were performed using a Pine Wavenow Potentiostat. During cyclic voltammetry or controlled
potential electrolysis, a BaSi Ag/AgCl (sat. KCl) or Hg/HgO (1 M NaOH) reference electrode and a
Pt auxiliary electrode were used. To convert all measured potentials to the same NHE reference,
0.199 V was added to the Ag/AgCl (saturated KCl) values and 0.140 V was added to the Hg/HgO
(1 M NaOH) values.39
Short-term O2 evolution measurements were performed in an air-tight electrochemical cell
containing 1 mM 2, ITO as the working electrode, an Ag/AgCl (saturated with KCl) reference
electrode, Pt counter electrode, a Clark-type electrode for O2 detection, and a 0.1 M KNO3
electrolyte adjusted to the appropriate pH value with 0.1 M KOH. The air-saturated O2 concentration
in water was calculated prior to catalytic measurements and was used to calculate baseline
readings. During electrochemical O2 assays, no applied bias was taken during the first two minutes
of each experiment to obtain a baseline reading. After the baseline reading, a bias of 1.10 V vs.
NHE was applied to the electrochemical cell to initiate water-oxidation catalysis.
Long term O2 measurements were performed in an air-tight electrochemical cell containing
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ITO as the working electrode, an Ag/AgCl (saturated with NaCl) reference electrode, Pt counter
electrode, and a 0.1 M KNO3 electrolyte adjusted to pH 12.5 with 0.1 M KOH. The 2 mM solution
of 2 was thoroughly sparged with N2 before commencing controlled potential electrolysis (CPE). A
bias of 1.10 V vs. NHE was applied to the electrochemical cell for 12 h. Analysis of the gas
produced by CPE was done by gas chromatography (Varian-450 GC, He as a carrier gas).
O2 measurement for the disproportionation of H2O2 by 2 was performed with an Ocean
Optics MultiFrequency Phase Fluorometer (MFPF-100) outfitted with an Ocean Optics FOXY-R
fluorescence probe. A 10 mL of a 1 mM solution of 2 was added to a water-jacketed cell at 25 °C
equipped with stir bar. The probe was inserted into the headspace, and the solution was purged
with N2 for several minutes. N2 was then turned off, and 1 mL of 3% H2O2 solution was injected into
the cell through the septum. Data points were taken every second.
Single crystal X-ray diffraction. Low-temperature diffraction data (ω-scans) were
collected on a Rigaku SCX Mini diffractometer coupled to a Rigaku Mercury275R CCD for the
structures 1 and 3. Similar data were collected on a Rigaku R-AXIS RAPID diffractometer coupled
to an R-AXIS RAPID imaging plate detector for the structure of 2. All sets of data were collected
with Mo Kα radiation (λ = 0.71073 Å). The diffraction images were processed and scaled using
Rigaku Oxford Diffraction software for 1 and 3 and Rigaku CrystalClear software for 2.41-42 The
structures were solved with SHELXT and were refined against F2 on all data by full-matrix least
squares with SHELXL.43 All non-hydrogen atoms were refined anisotropically. Unless stated
otherwise, hydrogen atoms were included in the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the U value of the atoms to which they are linked (1.5 times for methyl groups).
The full numbering scheme of 1 - 3 can be found in the full details of the X-ray structure
determination (CIF), which are included as Supporting Information. CCDC files 1527131 (1),
1527133 (2), and 1527132 (3) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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2.6.3 Synthesis and characterization
Synthesis of Cu(Hpyalk)2Cl+ (1). The synthesis was adapted from a procedure reported for a
similar compound.44 To a 100 mL round-bottom flask equipped with a stir bar, 0.10 g CuCl2 was
added. The solid was dissolved in ~30 mL of MeOH/MeCN (1:10 v/v). To this solution, 0.15 g
Hpyalk (2.1 eq) was added. The solution immediately became dark blue and was then allowed to
stir at room temperature for 4 h. The solution was then taken to dryness by rotary evaporation, and
the solid was redissolved in CH2Cl2. This solution was then filtered and crystals were grown from
CH2Cl2/pentanes. Yield: 0.18 g (60%). Elemental analysis calculated for CuC16H22N2O2Cl2: C,
57.20; H, 6.01; N, 8.34. Found: C, 56.90; H, 6.09; N, 8.24.

Synthesis of Cu(pyalk)2 (2). The synthesis was adapted from a procedure reported for a similar
compound.44 To a 100 mL round-bottom flask equipped with a stir bar, 0.50 g Cu(OAc)2 was added.
The solid was dissolved in ~30 mL of MeOH/MeCN (1:10 v/v). To this solution, 0.80 g Hpyalk (2.1
eq) was added. The solution immediately became dark blue and was then allowed to stir at room
temperature for 2 h, at which point 8 mL 1 M KOH in MeOH was added to the solution. The solution
immediately turned purple and was allowed to stir for ~3 h at room temperature, at which point it
was taken to dryness via rotary evaporation. The resulting solid was then redissolved in CH2Cl2
and filtered. Crystals were grown from CH2Cl2/pentane and appeared purple in color. Yield: 0.79 g
(85%). Elemental analysis calculated for CuC16H20N2O2: C, 47.0; H, 5.43; N, 6.85. Found: C, 47.12;
H, 5.49; N, 6.74
2 can also be prepared by treating a solution of 1 in MeOH/MeCN (1:10 v/v) with 1 M KOH
and purifying as described above.

Synthesis of Cu(Hpyalk)2(OAc)+ (3). The synthesis was adapted from a procedure reported for a
similar compound.44 To a 100 mL round-bottom flask equipped with a stir bar, 0.15 g Cu(OAc)2 was
added. The solid was dissolved in ~30 mL of MeOH/MeCN (1:10 v/v). To this solution, 0.24 g
Hpyalk (2.1 eq) was added. The solution immediately became dark blue and was then allowed to
stir at room temperature for 4 h. The solution was then taken to dryness by rotary evaporation, and
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the solid was then redissolved in CH2Cl2. This solution was then filtered and crystals were grown
from CH2Cl2/pentanes. Yield: 0.25 g (65%).

Synthesis of Cu(picolinate)2. Cu(picolinate)2 was prepared according to a literature procedure.45
0.50 g of CuCl2 was dissolved in 10 mL H2O in a round bottom flask equipped with a stir bar. 0.92
g picolinic acid dissolved in ~10 mL H2O was then added to this solution, followed by a solution of
0.13 g of NaOH in ~5 mL of water. Upon the addition of base, the solution turned cloudy blue, and
this mixture was allowed to stir at room temperature for an additional two hours. The solution was
then filtered to afford a bright blue solid. The solid was washed with diethyl ether and then dried
under vacuum. Yield: 0.8 g (77%). IR: 3050-2980 (w), 1640 (s), 1600 (s), 1475 (m), 1450 (m), 1345
(s), 1284 (m), 1150 (w), 1045 (m), 848 (m), 771 (s), 690 (s), 555 (w), 460 (m).

Synthesis of Cu(OH)2. 0.50 g Cu(NO3)23H2O was dissolved in 10 mL deionized water. 2.0 mL 1
M NaOH was added, immediately yielding a blue precipitate. This precipitate was collected, washed
with water (3 x 5 mL) and ether (3 x 5 mL), and dried under vacuum. Yield: 0.15 g (75%).

2.7

Supplementary Information

2.7.1 Supplementary Figures

Figure 2.9. UV-Visible and molar absorptivity data for 2. A) Molar absorptivity plot for absorbance

at lmax = 600 nm for 2. B) UV-visible spectrum of 2 in water at pH 8 (red) and pH 14 (blue). The
same sample at pH 14 was kept in aqueous solution for 1 month and its UV-visible spectrum was
retaken at that time (green).
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Figure 2.10. pH dependence of the peak of the catalytic wave in 0.1 M KNO3 adjusted to the
appropriate pH with 0.1 M KOH. Boron-doped diamond was used as the working electrode; Pt wire
auxiliary electrode; Ag/AgCl (sat’d KCl) reference electrode; scan rate: 100 mV/s.

Figure 2.11. CV of 1 mM 2 in 0.1 M KNO3 adjusted to pH 12.5 with 0.1 M KOH. Glassy carbon
was used as the working electrode; Pt wire auxiliary electrode; Ag/AgCl (sat’d KCl) reference
electrode; scan rate: 100 mV/s. Inset: magnified view of quasi-reversible CuII/I wave.
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Figure 2.12. Scan rate dependence of peak current of CuII/I couple in water. Boron-doped diamond
was used as the working electrode; Pt wire auxiliary electrode; Ag/AgCl (sat’d KCl) reference
electrode.

Figure 2.13. Full oxygen evolution and chronoamperometry traces for water oxidation
electrocatalysis by 2, as measured by the Clark electrode. A) Full time course of O2 evolution from
pH-dependent CPE experiments as measured by the Clark electrode. The ITO working electrode
was held at 0 V for 120 s and then at 1.2 V for 250 s at each pH. Pt wire as used as the auxiliary
electrode and Ag/AgCl (sat’d KCl) was used as the reference electrode. B) Catalytic current at each
pH.
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Figure 2.14. UV-visible measurement of 2 in 0.1 M KNO3/0.1 M KOH at pH 12.5 before and after
12 h CPE. Initial [2] was 2 mM.

Figure 2.15. Rinse test of 2. CV of 0.2 mM 2 after 2 h CPE at 1.2 V is shown in red. The electrode
was then rinsed, but not polished, and placed in a fresh solution of 0.1 M KNO3 adjusted to pH 12.5
(blue). Glassy carbon was used as the working electrode; Pt wire auxiliary electrode; Ag/AgCl (sat’d
KCl) reference electrode; scan rate: 100 mV/s.
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Figure 2.16. CV of 2 mM Cu(SO4)2 in 0.1 M KNO3/KOH at pH 12.5. Cu(OH)2 immediately
precipitated out of solution upon addition to electrolyte. Boron-doped diamond was used as the
working electrode; Pt wire auxiliary electrode; Hg/HgO (1 M NaOH) reference electrode; scan rate:
100 mV/s.

Figure 2.17. Original CV of Cu(pic)2 (red) and CV of the isolated solid (blue) in 0.1 M KNO3 adjusted
to pH 12.5 with 0.1 M KOH. Conditions: Boron-doped diamond working electrode, Pt wire auxiliary
electrode, Hg/HgO reference electrode (1 M NaOH), scan rate 100 mV/s.
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Figure 2.18. CV comparison of 2, Cu(pic)2, and homemade Cu(OH)2 in 0.1 M KNO3/KOH at pH
12.5. Conditions: Boron-doped diamond working electrode, Pt wire auxiliary electrode, Hg/HgO
reference (1 M NaOH) electrode, scan rate 100 mV/s.

Figure 2.19. FTIR spectra of the precipitate collected from electrochemical studies on
Cu(picolinate)2 (“precipitate”), homemade Cu(OH)2, and KNO3. The peak at 1350 cm-1 in the
precipitate spectrum is attributed to the NO3- anion, which was present in the electrolyte in
electrochemical studies. This peak obscures several other peaks present in the Cu(OH)2 spectrum;
however, they can be observed as small shoulder peaks in the precipitate spectrum.
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Figure 2.20. FTIR spectra of the precipitate collected from electrochemical studies on
Cu(picolinate)2 (“precipitate”), Cu(picolinate)2, and picolinic acid. The lack of the carbonyl stretch at
~1650 cm-1 suggests that no ligand is present on the precipitate.

Figure 2.21. Concentration dependence of the catalytic wave at 1.1 V at pH 12.5 with an ITO
working electrode in 0.1 M KNO3/0.1 M KOH. Conditions: Pt wire auxiliary electrode; Ag/AgCl (sat’d
KCl) reference electrode; scan rate: 100 mV/s. Inset: Plot of concentration vs. peak current.
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Figure 2.22. Plot of the ratio of the catalytic current at 1.1 V to the peak current for the Cu(II/I)
couple vs. n-1/2. Boron-doped diamond was used as the working electrode; Pt wire auxiliary
electrode; Ag/AgCl (sat’d KCl) reference electrode.

2.7.2 Crystallographic details
Refinement details for 1
Hydrogen atoms H1 and H2 were found in the difference map and semi-freely refined with the aid
of O-H distance restraints of 0.88(2) Å, as suggested by the difference map. Several low angle
reflections were obscured by the beam stop and subsequently omitted.

Figure 2.23. Thermal ellipsoid diagram for 1 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. Hydrogen atoms are shown as circles for clarity.
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Figure 2.24. Hybrid diagram for 1 with thermal ellipsoid plot and contour electron density difference
map. The contour map cross section contains the O1-Cl1-O2 plane. Each contour line corresponds
to 0.1 electrons; solid lines represent positive density; dashed lines show negative. Note the density
near the oxygen atoms.
Table 2.1. Hydrogen bonds for 1 [Å and °].
__________________________________________________________
D-H...A

d(D-H)

d(H...A)

d(D...A)

<(DHA)

________________________________________________________________
O(1)-H(1)...Cl(2)

0.839(16)

2.222(18)

3.0276(14)

161(2)

O(2)-H(2)...Cl(2)

0.845(17)

2.221(18)

3.0244(13)

159(2)

________________________________________________________________
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Table 2.2. Crystal data and structure refinement for 1.
Identification code

mini-16100

Empirical formula

C16H22Cl2CuN2O2

Formula weight

408.79

Temperature

93(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 8.1195(3) Å

α= 98.398(3)°.

b = 10.0975(4) Å

β= 91.768(3)°.
γ = 91.545(3)°.

Volume

c = 11.3705(4) Å
921.33(6) Å3

Z

2

Density (calculated)
Absorption coefficient

1.474 Mg/m3
1.484 mm-1

F(000)

422

Crystal size

0.300 x 0.080 x 0.010 mm3

Θ range for data collection

2.511 to 27.489°.

Index ranges

-10<=h<=10, -13<=k<=13, -14<=l<=14

Reflections collected

16202

Independent reflections

4236 [R(int) = 0.0350]

Completeness to θ = 25.242°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.94972

Refinement method

Full-matrix least-squares on F

2

Data / restraints / parameters
2

4236 / 2 / 220

Goodness-of-fit on F

1.097

Final R indices [I>2σ(I)]

R1 = 0.0294, wR2 = 0.0721

R indices (all data)

R1 = 0.0351, wR2 = 0.0756
0.404 and -0.480 e.Å-3

Largest diff. peak and hole
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Refinement details for 2
One reflection was recorded improperly due to instrument artifacts and subsequently omitted.

Figure 2.25. Thermal ellipsoid diagram of 2 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. Hydrogen atoms are shown as circles for clarity. The
model is on a special position; only the asymmetric unit is labeled.
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Table 2.3. Crystal data and structure refinement for 2.
Identification code

spider-16041

Empirical formula

C16H20CuN2O2

Formula weight

335.88

Temperature

93(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 8.2113(6) Å

α = 90°

b = 10.0745(7) Å

β = 109.709(3)°.
γ = 90°

Volume

c = 9.9132(7) Å
772.03(10) Å3

Z

2

Density (calculated)
Absorption coefficient

1.445 Mg/m3
1.420 mm-1

F(000)

350

Crystal size

0.200 x 0.100 x 0.100 mm3

Θ range for data collection

2.635 to 27.478°.

Index ranges

-10<=h<=10, -13<=k<=13, -12<=l<=12

Reflections collected

21367

Independent reflections

1767 [R(int) = 0.0888]

Completeness to θ = 25.242°

99.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.000 and 0.686

Refinement method

Full-matrix least-squares on F

2

Data / restraints / parameters
2

1767 / 0 / 99

Goodness-of-fit on F

0.894

Final R indices [I>2σ(I)]

R1 = 0.0239, wR2 = 0.0571

R indices (all data)

R1 = 0.0304, wR2 = 0.0576
0.611 and -0.274 e.Å-3

Largest diff. peak and hole
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Figure 2.26. Thermal ellipsoid diagram of 3 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. The hydrogen atoms are shown as circles for clarity.
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Table 2.4. Crystal data and structure refinement for 3.
Identification code

spider-16037

Empirical formula

C20 H28 Cu N2 O6

Formula weight

455.98

Temperature

93(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c

Unit cell dimensions

a = 9.1208(6) Å

α = 90°

b = 8.2890(6) Å

β = 90.145(2)°
γ = 90°

Volume

c = 27.951(2) Å
2113.2(3) Å3

Z

4

Density (calculated)
Absorption coefficient

1.433 Mg/m3
1.072 mm-1

F(000)

956

Crystal size

0.300 x 0.300 x 0.020 mm3

Theta range for data collection

2.563 to 25.025°.

Index ranges

-10<=h<=10, -9<=k<=9, -33<=l<=33

Reflections collected

41237

Independent reflections

3720 [R(int) = 0.1207]

Completeness to theta = 25.025°

99.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.000 and 0.551

Refinement method

Full-matrix least-squares on F

2

Data / restraints / parameters
2

3720 / 2 / 276

Goodness-of-fit on F

0.816

Final R indices [I>2sigma(I)]

R1 = 0.0276, wR2 = 0.0574

R indices (all data)

R1 = 0.0408, wR2 = 0.0587
0.458 and -0.509 e.Å-3

Largest diff. peak and hole
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Chapter 3. The water-nucleophilic attack mechanism for the Cu(pyalk)2
water-oxidation electrocatalyst
This work is adapted from Rudshteyn, B.; Fisher, K. J.; Lant, H. M. C.; Yang, K. R.; Mercado, B.
Q.; Brudvig, G. W.; Crabtree, R. H.; Batista, V. S. ACS Catal. 2018, 8 (9), 7952-7960. BR performed
all calculations. KJF performed KIE experiments and analyzed electrochemical data. HMCL
synthesized bipydialk ligand and KJF and HMCL made Cu(bipydialk) and performed
electrochemical experiments. BR and KJF wrote the manuscript. Reprinted with minor
modifications with permission from the American Chemical Society, 2018.

3.1

Introduction
In the development of solar fuels devices, efficient and robust water-oxidation catalysts are

required,1-3 as discussed in the previous chapters. Compared to heterogeneous catalysts,
molecular catalysts have the distinct advantage of tunability through their ligand framework, and as
such modification of the ligand scaffold can be used to modulate catalytic parameters such as rate
or selectivity, for example. In order to most efficiently tune molecular catalysts, the active form of
the catalyst must be known and the mechanism by which the catalyst operates should be
understood. Systematic investigation of catalytic mechanism, however, is often challenging, as
intermediates in the catalytic cycle are often short-lived and reactive, making them challenging to
observe even spectroscopically.4-6 One notable example of a water-oxidation catalyst whose active
form is still unknown is the iridium-based “blue solution” discussed in Chapter 1.7 Due to the
presence of many non-interconverting isomers in the blue solution, the exact structure of the active
catalyst has yet to be determined directly through experiment.
One approach to studying the mechanisms of water-oxidation catalysts is through
experimental-theoretical collaborations. Theory can give insight into the identitiy of the active
catalytic species, plausible intermediates, and mechanistic pathways. Experimental results can
support or rule out

these possibilities.

For example, through collaborative theoretical and

experimental efforts, the solution structures of the blue solution catalysts have been determined,
and these proposed structures are consistent with EXAFS data.8
Recent efforts in the water-oxidation community have focused on developing WOCs which
incorporate Earth-abundant metal centers, including manganese9-11 and copper.12-13 However, the
underlying reaction mechanisms for many of these catalysts has yet to be established. In fact, little
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is known about the mechanism of electrocatalytic water oxidation by many copper complexes
despite the first molecular copper water-oxidation electrocatalyst being reported in 2012.12 In this
chapter, we focus on elucidating the mechanism of water-oxidation electrocatalysis by Cu(pyalk)2
(1), which is a robust and active electrocatalyst under basic conditions, as discussed in the previous
chapter. Earlier, we found that that the catalyst has a TOF of 0.7 s-1, at pH = 12.5, and observed
that the catalyst remains active for over 30 turnovers with minimal degradation.13 However, neither
the active form of the catalyst nor the catalytic mechanism were resolved in our initial study. In this
chapter, we find that only the cis isomer, 2 (Figure 3.1), is active for water-oxidation catalysis.

Figure 3.1. The structure of the proposed active water-oxidation electrocatalyst: cis CuII(pyalk)2,
(2).

We also examine plausible mechanisms for water-oxidation catalysis by 2. Three
commonly proposed water-oxidation mechanisms for transition metal catalysts include the
water-nucleophilic attack (WNA) on metal-oxo or metal-oxyl-radical species,14-15 direct coupling of
two M=O or two radical M—O• groups,16 and redox isomerization.17 Here, we explore whether any
of these mechanisms could apply to water-oxidation electrocatalysis by Cu(pyalk)2.
A recent study of dimeric copper WOCs suggested that a dinuclear water-nucleophilic
attack or a redox-isomerization pathway may play a major role in some copper-based
electrocatalytic water oxidation.17 Many copper WOCs, however, have been shown to have
first-order kinetics in catalyst concentration over a wide concentration range, suggesting that a
mononuclear pathway may be viable.12 Such a pathway could likely occur through a Cu(III)-oxyl
radical intermediate, rather than a Cu(IV)-oxo intermediate, consistent with the “oxo wall” concept
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(no tetragonal terminal oxo species have been isolated for any transition metal from group 9
onwards).18 Such oxyl radical species have been suggested19 but never observed experimentally.
In this chapter, we propose a plausible water-oxidation mechanism based on
water-nucleophilic attack for the tautomeric cis form 2 that is consistent with density functional
theory calculations and experimental measurements of turnover frequency, H/D kinetic isotope
effects, foot-of-the-wave analysis, and synthesis of related derivatives. The catalytic process has
the following interesting aspects: (a) the pyalk alkoxide group is a non-innocent ligand that activates
the water nucleophile by acting as a base, facilitating water deprotonation; (b) the cis isomer, 2, is
the active form of the catalyst despite the trans form being the more stable crystallized form; and
(c) an uncommon Cu(III)-oxyl radical intermediate is involved. The resulting mechanism accounts
for the multiple oxidation state changes that are required for water oxidation, offering fundamental
insights valuable for development of Earth-abundant water-oxidation catalysts.

3.2

Computational validation of model chemistry (in collaboration with Ben
Rudshteyn)
Table 3.1 shows that the minimum energy structure obtained at the DFT ωB97X-D/(def2-

SVP,6-31+G(d,p)) level in the gas-phase reproduces the crystal structure of 1. Figure 3.2 shows
that the same level of theory reproduces the experimental UV-Visible absorption features in water,
using either isomer, suggesting the presence of both isomers in water.
Table 3.1. Average theoretical (Theor.) bond lengths, bond angles, and dihedrals of 1 (without
hydrogen-bonding waters) in the gas phase as compared to experimental values (Expt). intra
indicates a bond angle defined within 1 pyalk ligand whereas inter indicates a bond angle defined
spanning 2 pyalk ligands.
Cu-N

Cu-O

N-O-Cu
(inter)
96.3°

N-C-C-O

1.89 Å

N-O-Cu
(intra)
83.7°

Theor.

1.99 Å

Expt.

1.972(2) Å

1.883(1) Å

84.04(5)°

95.96°

-6.528°
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Figure 3.2. Computed UV-Vis spectra for trans (1) and cis (2) as compared to the experimental
spectrum of a 2 mM sample in water.

3.3

Water-nucleophilic attack mechanism
Scheme 3.1 shows the mechanism appropriate for basic solutions predicted by DFT

calculations, which includes bulk solvation from the dielectric continuum model as well as direct
solvation by two hydrogen-bonded waters to the pyalk oxygen atoms.
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Scheme 3.1. Calculated mechanism of water oxidation catalyzed by Cu(pyalk)2 (1).
Step I (Scheme 3.1) involves the conversion of trans Cu(pyalk)2 (1) into the cis form (2),
which involves a ΔG of about 1.7 kcal/mol. While this difference suggests that there is more of the
trans isomer in solution, there is still a catalytically relevant amount of cis isomer available. The
conformational changes induced by the 1 ® 2 conversion are shown in Figure 3.3.
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Figure 3.3. DFT optimized structures of 1 and 2. The color code is indicated at the bottom of the
figure. Hydrogen bonds are indicated by dashed lines.
Step II (Scheme 3.1) involves oxidation of 2 from Cu(II) to Cu(III), which includes a firstcoordination sphere bond shortening of ~0.11 Å. The experimental potential for this quasireversible
conversion is estimated to be 1.3 V vs. NHE.20 The calculated reversible potentials for oxidation of
the cis and trans forms are 1.9 V and 1.6 V vs. NHE, respectively. The calculated values for both
isomers differ systematically from experiment, likely due to the lack of reversibility. Intermediate 3
is illustrated in Figure 3.4.
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Figure 3.4. DFT optimized structures of intermediates 3 and 4 as well as the ion pair and transition
states.
Step III (Scheme 3.1) involves binding of hydroxide to form a cationic five-coordinate CuIII
species, 4 (Figure 3.4), since water deprotonates upon binding to the CuIII species 3. The free
energy for this reaction was computed in two parts, including formation of the ion pair and the actual
nucleophilic attack via 3-TS, as shown in Figure 3.4. The free energy change necessary to form
the ion pair is ΔG = 5.0 kcal/mol, presumably dominated by the entropic term, though this energy
may be overestimated as ion pairs often form spontaneously in solution. From the ion pair, the free
energy change for attachment to Cu is ΔG = -15.8 kcal/mol, leading to an overall free energy
change ΔG = -10.8 kcal/mol. The barrier for the nucleophilic attack is 1.0 kcal/mol. Therefore, the
barrier for the overall step is ΔG‡total = ΔGion pair + ΔG‡ = 5.0 + 1.0 kcal/mol = 6.0 kcal/mol.
Step IV (Scheme 3.1) of the cycle involves formation of the oxyl radical, 5, likely through a
proton-coupled electron transfer (PCET) step. The oxidation transforms the hydroxyl group to an
oxyl radical, rather than forming a high-energy CuIV species, for which we could not even identify a
stable structure, as expected from the “oxo wall” principle discussed previously. The oxyl-radical
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intermediate has the structure shown in Figure 3.5 and a spin density of 0.998 on the oxyl oxygen
atom while copper has essentially zero spin density (Table 3.3). The presence of this second
oxidation step cannot be ruled out experimentally as estimating the area under the CV trace is
complicated by the fact that the substrate (OH-) is part of the solvent. Mechanisms with only one
oxidation were theoretically found not to yield intermediates with sufficient oxidizing power to
oxidize water.

Figure 3.5. DFT optimized structures of intermediate 5-8 as well as transition state 5-TS.
Step V (Scheme 3.1) is the nucleophilic attack of water on the oxyl radical with a
synchronous proton transfer to the nearby alkoxide oxygen of the pyalk ligand (Figure 3.5). The
transition state for that process, 5-TS, and the resulting peroxy intermediate 6 are illustrated in
Figure 3.5, while the mechanism is illustrated in Scheme 3.2. The net free energy change is ΔG =
-20.4 kcal/mol, and the activation free energy ΔG‡ is 19.3 kcal/mol. To compare to the experimental
TOF = 0.7 s-1,20 we used the Eyring equation of transition state theory (Equation 3.1), which
predicts a barrier of 17.6 kcal/mol.
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Scheme 3.2. Water-nucleophilic attack (WNA) mechanism onto the oxyl radical of (5) to form (6)
upon proton transfer to the pyalk ligand (as shown in Scheme 3.1).
Step VI (Scheme 3.1) involves another PCET oxidation of the terminal hydroxyl group,
forming a triplet diradical with one spin shared by the two oxygens of the peroxyl group (7 as shown
in Figure 3.5), aligned parallel to the spin of Cu(II). The potential for this PCET is only 0.2 V vs.
NHE, making it easily accessible under experimental electrochemical conditions.
Step VII (Scheme 3.1) involves triplet oxygen evolution through the mechanism illustrated
in Scheme 3.2, with a modest ΔG = 4.0 kcal/mol, forming a tetrahedral Cu(I) with one of the pyalk
ligands protonated.
Step VIII (Scheme 3.1) completes the cycle with another PCET that regenerates the Cu(II)
complex in the cis form, 2, as illustrated in Scheme 3.3. The subsequent oxidation is quite facile,
with a potential of -0.4 V vs. NHE. Figure 3.6 shows the potential surface for the entire mechanism
under the conditions of zero bias potential and an operating potential of 2.0 V vs. NHE.
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Scheme 3.3. Mechanism of O2 evolution by (7) to form (8) according to the reaction mechanism of
Scheme 3.1. Spin alignment is indicated for the terminal oxyl and Cu center.
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Figure 3.6. Potential energy surface for the water-oxidation reaction catalyzed by (2) under NHE
(black, E = 0 V vs. NHE) and operating condition defined as E = 2.0 V vs. NHE (red).

An equivalent mechanism was found with the B3LYP functional (shown in Figure 3.15 and
Figure 3.16) with the transition state 5-TS becoming just a proton transfer from the water to pyalk.
Then two additional structures, A, a minimum, and A-TS, a transition state, for the O–O bond
formation (highest point on the surface) were found. The mechanism still involves a waternucleophilic attack though a predicted barrier of 16.2 kcal/mol (TOF = 8.03 s-1).

3.4

Experimental corroboration
The mechanism described in Scheme 3.1 suggests that a pyridine-Cu bond is lengthened

and detaches from the Cu center in intermediates 4–7, opening up a binding site for substrate
water. Therefore, a complex with a similar ligand but without the possibility of pyridine flexibility
should, in principle, be unable to bind water and therefore unable to perform water-oxidation
catalysis. To test this hypothesis, complex 9, Cu(bipydialk) (Figure 3.7.A-B), was synthesized.10
Like Cu(pyalk)2, 9 has two alkoxo and two pyridyl groups, and the ligand shape enforces the cis
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geometry required for catalysis. The rigid, tetradentate ligand scaffold, however, does not allow for
dissociation of either pyridine and would have difficulty supporting the tetrahedral Cu(I)
intermediate 8. Under the electrocatalytic conditions used for water oxidation by Cu(pyalk)2, we
found that 9 was found not competent for water-oxidation catalysis, as shown in Figure 3.8, thus
supporting the catalytic mechanism of Scheme 3.1.

A)

B)

Figure 3.7. Structure of complex 9 CuII(bipydialk) (A) and X-ray crystallographic model (B).Thermal
ellipsoids are shown at the 50% probability level.
Figure 3.9 shows the voltammogram analysis providing mechanistic information on the
chemical step following electron transfer, k1.21 The foot-of-the-wave analysis (Figure 3.13)
estimates a rate of about 106 s-1 while the barrier for the hydroxide nucleophilic attack was
estimated to be 5.9 kcal/mol (2.8 ´ 108 s-1) with the ωB97X-D functional and 9.6 kcal/mol (5.6 ´ 105
s-1 ) with B3LYP, so the experimental estimation is within the range of values predicted by DFT
when combined with transition state theory.
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Figure 3.8. CV of 9 with and without KOH. Under basic conditions, no enhancement of current
above background levels is observed.

Figure 3.9. Linear sweep voltammogram of 2 mM 1 in 0.1 M KNO3 adjusted to pH 13 with 0.1 M
KOH (black). The region used for foot-of-the-wave calculations is shown in red. Inset: Linear fit of
foot-of-the-wave data.
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The H/D kinetic isotope effect (KIE) was measured by cyclic voltammetry of 1 in 0.01 M
NaOH and 0.01 M NaOD solution (Figure 3.10), respectively, with both solutions with 0.1 M KNO3
as electrolyte. The H/D KIE was obtained by taking the square of the ratio of the catalytic current
under both conditions, as follows in Equation 3.2.

KIE =

k H 2O
kD2O

⎛ nFA[C] DkH O ⎞
⎛ iH O ⎞
2
=⎜ 2 ⎟ =⎜
⎟
⎝ iD2O ⎠
⎝ nFA[C] DkD2O ⎠
2

2

(Equation 3.2)

In Equation 3.2, i is the catalytic current, n is the number of electrons in the catalytic
process (4 for water oxidation), F = Faraday's constant, A = surface area of the electrode, [C] =
catalyst concentration, D = diffusion coefficient of the catalyst, and k = pseudo-first order rate
constant. The resulting experimental H/D KIE was found to be 3.4, consistent with proton
involvement in the rate-determining step, and consistent with the proposed mechanism. The KIE
for water oxidation by Cu(pyalk)2 is similar to those found for several other mononuclear copper
water-oxidation catalysts but is in stark contrast with those of reported for dinuclear catalysts, which
are proposed to operate through a bimolecular rather than mononuclear mechanism (Table 3.2).
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Table 3.2 Literature values for H/D kinetic isotope effects (KIE) for molecular copper wateroxidation catalysts.
Compound

Nuclearity of Cu

KIE

Ref.

O OH2

2.0

NH2

N
Cu
O

N

N

Mononuclear

OH2

N

Cu2+
N

N

O

N
Cu
O

N

O

O
N

Cu2+

2.1
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Mononuclear

1.81
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Mononuclear

2.0

25

Dinuclear

20

17

Mononuclear

1.01

26

N
H
O

N Cu
N

Mononuclear

OH

N

N

22

N
O O
O

O
H

Cu

N
N

N

For comparison with experiment, we computed the KIE with exchangeable polar hydrogen
atoms swapped with deuterium atoms. We focused on the rate-determining step 5 ® 5-TS since
chemical steps do not immediately precede it. The resulting KIE was evaluated as in our previous
studies,15 using transition state theory, as shown in Equation 3.3.27-28
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KIE =

k H 2O
kD2O

⎛ e−(−GR (1) +GTS (1) )/RT ⎞
−(G
+G
−G
−G
)/RT
= ⎜ −(−GR ( 2 ) +GTS ( 2 ) )/RT ⎟ = e R ( 2 ) TS (1) R (1) TS ( 2 )
⎝e
⎠

(Equation 3.3)

Using this method, calculated a KIE of 3.7, which is in excellent agreement with the
experimental value of 3.4, further supporting the proposed mechanism. We also computed the KIE
of hydroxide binding to Cu(III), the first chemical step of our proposed mechanism. This step only
exhibits a KIE of 1.1, confirming that hydroxide binding is not the rate-limiting step.

Current (µA)
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1.2
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Figure 3.10. Cyclic voltammograms of 0.5 mM 1 with [NaOH] = [NaOD] = 0.01 M. CVs were taken
with boron-doped diamond working electrode, Pt wire counter-electrode, and Hg/HgO reference
electrode at a scan rate of 100 mV/s.

3.5

Conclusions and outlook
We have shown that Cu(pyalk)2 catalyzes water oxidation through a water-nucleophilic

attack onto an oxyl radical species, which is formed upon PCET oxidation of a catalyst-bound
hydroxide. Remarkably, the pyalk ligand has the ability to remain bound even with a labile pyridine
group that opens a coordination site for substrate binding, enabling robust functionality of a labile
first-row transition metal catalyst. The mechanism proposed in this chapter shows good agreement
between experiment and theory. First, the measured KIE of 3.4 compares well with the calculated
KIE of 3.7. Next, the experimental free energy barrier of 17.6 kcal/mol (computed from measured
turnover frequency) is in good agreement with the theoretical value of 19.3 kcal/mol. Finally, the
rate of the first chemical step determined by foot-of-the-wave analysis of the voltammogram of 2 is
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within the range of values determined by DFT. Synthesis and electrochemical analysis of an
analogue of 2 with a rigid ligand scaffold suggests that ligand flexibility is required for
electrocatalysis, consistent with the proposed mechanism. The resulting insights are particularly
valuable for ligand design and future development of even more efficient water-oxidation catalysts
based on Earth-abundant transition metal complexes. Further work to corroborate the proposed
mechanism may involve immobilization of catalysts on electrode surfaces and measurements of
other catalytic and electrochemical parameters, including
electrocatalytic conditions.
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16

O/18O kinetic isotope effects under

3.6

Experimental Details

3.6.1 General
All chemicals were purchased from Sigma Aldrich or TCI America and used as received.
Solvents used in air-free conditions were dried over activated alumina using a Grubbs-type solvent
purification system. Solutions of n-butyl lithium were titrated against diphenylacetic acid before use.

3.6.2 Physical Methods
1

H NMR: NMR spectra were recorded on an Agilent DD2 400 MHz spectrometer and

chemical shifts were referenced to solvent residual peaks.
UV-Visible Spectroscopy: Absorption spectra were collected using a Cary 50
spectrophotometer.
High Resolution Mass Spectrometry (HR-MS) of Cu(bipydialk)2 (9): High-resolution
mass spectrometry was performed at the Keck Biotechnology Resource Laboratory using a Bruker
9.4 Tesla Apex-Qe Hybrid Qe-Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass
spectrometer consisting of an Apollo II electrospray ionization source.
FTIR: FTIR spectra were recorded on a Thermo Scientific Nicolet 6700 spectrometer
outfitted with a Smart Orbit diamond ATR cell.
Electrochemical measurements: Electrochemical measurements were performed on a
Pine AFCBP1 bipotentiostat using a standard three-electrode configuration with 0.1 M KNO3
electrolyte. A boron-doped diamond working electrode and a platinum counter-electrode were
used. Ag/AgCl (sat. KCl) was used as a reference electrode. To convert potentials to NHE, 0.199
V was added to measured potentials.
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3.6.3 Synthesis and characterization
Synthesis of 2,2'-([2,2'-bipyridine]-6,6'-diyl)bis(propan-2-ol) (bipydialk).
1. n-BuLi
2.
N
Br

O

N

N
Br

N

2:1 toluene/THF
OH

HO

Scheme 3.4. Synthetic route for the preparation of the bipydialk ligand.

Under an atmosphere of N2, 6,6'-dibromo-2,2'-bipyridine (0.318 mmol, 100 mg) was
partially solvated in 6 mL toluene. 2 mL of THF was then added to the stirring slurry to solvate the
remaining starting material, which was found to be insoluble in most of the pure solvents
appropriate for lithium halogen exchange reactions. The solution was cooled to -78° C in a dry
ice/acetone bath and nBuLi (2.5 eq, 0.56 mL of 1.42 M solution) was added dropwise, yielding a
dark red solution. After 15 minutes, extra dry acetone (30 eq, 0.7 mL) was added dropwise, giving
a dark green solution. The reaction was brought to -20° C with a salt/ice bath and allowed to stir
for 3 hours. The reaction was quenched with 2 mL H2O, and then extracted with saturated NH4Cl
(3 x 3 mL) and hexanes (3 x 3 mL). Organics were combined, dried over Na2SO4, and concentration
in vacuo to give a yellow oil. Unreacted starting material, which likely results from its low solubility
in the reaction solvent, was found to precipitate cleanly from this oil with the addition of DCM and
could be collected via vacuum filtration. The filtrate was concentrated to give a yellow oil that was
purified via flash column chromatography on silica pre-treated with Et3N (eluent: gradient from pure
hexanes to 4:1 hexanes/EtOAc, all with 1% Et3N). The desired product was collected as a yellow
oil, but can be recrystallized by dissolution in minimal acetone and precipitation with pentane to
yield a white powder. Isolated Yield: 28%. 1H NMR (400 MHz, CDCl3, 25°C, TMS): δ = 1.60 (s,
12H) 5.26 (s, 2H), 7.41 (d, 2H), 7.87 (t, 2H), 8.34 (d, 2H) ppm; IR (solid): ν = 431.8, 533.2,
584.3,613.1, 640.4, 738.3, 755.6, 808.2, 867.6, 920.2, 957.8, 991.8, 1078.2, 1100.4, 1123.2,
1155.2, 1276.2, 1348.4, 1388.4, 1435.9, 1459.3, 1572.0, 2928.5, 2970.7, 3079.0, 3387.2 cm-1
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Figure 3.11. 1H NMR spectrum of 2,2'-([2,2'-bipyridine]-6,6'-diyl)bis(propan-2-ol).

Synthesis of Cu(bipydialk)2 (9).

N
OH

N

+

Cu(OAc)2•H2O

2 KOH

N

MeOH/MeCN
O

HO

N
Cu

O

Scheme 3.5. Synthetic route for the preparation of 9.

To a stirred light blue solution of Cu(OAc)2·H2O (0.0699 mmol, 14.0 mg in 5 mL of
MeOH/MeCN 1:10) was added bipydialkH2 (0.073 mmol, 20 mg in MeCN) dropwise. A color change
to royal blue was observed, and the solution was allowed to react for 20 minutes. A solution of KOH
in MeOH was added dropwise (1.4 mL of a 0.1 M solution or 2 eq. The reaction mixture was then
extracted into DCM, leaving behind a green precipitate shown to be Cu(OAc)2. The resulting dark
blue organic layer was dried over Na2SO4 and concentrated in vacuo to give a dark blue powder.
Crystals suitable for diffraction were prepared via layering of pentane onto a solution of powder in
DCM. IR (solid): v= 436.5, 485.6, 532.6, 556.8, 573.7, 601.1, 632.1, 666.4, 697.7, 726.4, 753.3,
807.5, 860.9, 961.9, 1025, 1077.4, 1086.6, 1103, 1122.5, 1155.9, 1194.2, 1209, 1283.5, 1352.2,
1374.7, 1419, 1430.1, 1456.7, 1472.1, 1559, 2340.4, 2360.5, 2920.7, 2967.4, 3079.4, 3382.6 cm-1.
Isolated Yield: 67%.
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Figure 3.12. FTIR spectra of bipydialkH2 and Cu(bipydialk).
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3.7

Supplementary Figures and Discussion

3.7.1 Supplementary Figures
4

i/ip

3
2
1

y=ax+b
a=14001 ± 648

0
0.0

5.0×10-5

1.0×10-4

1.5×10-4

2.0×10-4

(1+exp(F(E-E0)/RT)-1
Figure 3.13. Linear regression of foot-of-the-wave data used to determine k1.
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Figure 3.14. Relaxed energy scan for triplet oxygen evolution from 7.
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Figure 3.15. Potential energy surface for the water-oxidation reaction catalyzed by (2) under NHE
(black, E = 0 V vs. NHE) and operating condition defined as (red, E = 1.8 V vs. NHE) as computed
with B3LYP.

A!

A-TS!

Figure 3.16. Structures of the additional intermediate (A) and transition state (A-TS) after the proton
transfer. The numbering shown here is the same as in the ωB97X-D mechanism in the main text.

3.7.2 Spin Contamination Check
Unrestricted DFT can suffer from spin contamination problems where the <S2> value
deviates significantly from S(S+1). To check for such issues, these values were collected in Table
3.3. Since they do not deviate greatly (within 5%) from (½)(½+1) = 0.750 for a doublet or (1)(1+1)
= 2.000 for a triplet, no spin contamination corrections were required.
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Table 3.3. <S2> values for all doublet minima as well as Mulliken spin densities for the Cu center
and the oxyl radical oxygen O1 or the nucleophilic water oxygen O2, when applicable.
Minimum

1

2

5

6

7

<S2>

0.753

0.753

0.775

0.752

2.009

Cu spin

0.657

0.647

0.004

0.653

0.702

O1

-

-

0.998

0.079

0.538

O2

-

-

-

0.001

0.547

3.7.3 Concentration Correction
The thermal corrections (at room temperature (T) i.e. 298 K) provided by the rigid rotor
(rotational entropy), harmonic oscillator (vibrational entropy), and free particle (translational
entropy) are for molecules in their standard state e.g. pressure (P) of 1 atm (concentration (C) of C
= P/(RT) = 24.46-1 M),29 where R is the usual gas constant. However, we would like to compute
free energies for molecules at a concentration of 1 M (except for water which should be around
55.6 M). Therefore, the following procedure is used to correct the free energies for the following
generic chemical reaction, where the stoichiometry change is c + d – a – b:

aA(aq) + bB(aq) → cC(aq) + dD(aq)

(Equation 3.4)

First, for non-water molecules, the following expression is utilized where the new free energy
change is ΔG’ and the free energy change for P = 1 atm is ΔG°:

[D]d [C]c
[1]d [1]c
1d+c−b−a
[B]b [A]a
[1]b [1]c
(Equation 3.5)
ΔG '− ΔG 0 = RT ln
=
RT
ln
=
RT
ln
1 d 1 c
1 d+c−b−a
[D]d [C]c
[
][
]
[
]
24.46 24.46
24.46
[B]b [A]a
1 b 1 c
[
][
]
24.46 24.46
Therefore, for a hydroxide nucleophilic attack (c + d – a – b = -1), the correction is

ΔG '− ΔG 0 = RT ln

1−1
1
= RT ln
= −1.89kcal / mol
1 −1
1
[
]
[
]
24.46
24.46
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(Equation 3.6)

On the other hand, for a water nucleophilic attack (c + d – a – b = -1), the correction is

55.6 −1
1
ΔG '− ΔG = RT ln
= RT ln
= −4.27kcal / mol
1 −1
55.6 * 24.46
[
]
24.46
0

(Equation 3.7)

3.7.4 Crystallographic Experimental Details
Low-temperature diffraction data (ω-scans) were collected on a Rigaku R-AXIS RAPID
diffractometer coupled to an R-AXIS RAPID imaging plate detector with Mo Kα radiation (λ =
0.71073 Å) for the structure of 9. The diffraction images were processed and scaled using the
Rigaku CrystalClear software (CrystalClear and CrystalStructure; Rigaku/MSC: The Woodlands,
TX, 2005). The structure was solved with SHELXT and was refined against F2 on all data by fullmatrix least squares with SHELXL (Sheldrick, G. M. Acta Cryst. 2008, A64, 112–122). All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were included in the model at
geometrically calculated positions and refined using a riding model. The isotropic displacement
parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms to which they
are linked (1.5 times for methyl groups). The full numbering scheme of compound spider-17021
can be found in the full details of the X-ray structure determination (CIF), which is included as
Supporting Information. CCDC number 1827954 (9) contains the supplementary crystallographic
data for this paper.
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Figure 3.17. Thermal ellipsoid diagram for 9 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. The hydrogen atoms are shown as circles for clarity. The
model is on a special position; only the asymmetric unit is labeled.
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Table 3.4. Crystal data and structure refinement for 9.
Identification code

spider-17021

Empirical formula

C16 H18 Cu N2 O2

Formula weight

333.86

Temperature

93(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Fdd2

Unit cell dimensions

a = 17.1965(12) Å

α = 90°.

b = 20.8788(15) Å

β = 90°.

c = 8.0662(6) Å

γ = 90°.

Volume

2896.1(4) Å3

Z

8

Density (calculated)

1.531 Mg/m3

Absorption coefficient

1.514 mm-1

F(000)

1384

Crystal size

0.200 x 0.200 x 0.200 mm3

Crystal color and habit

Blue Prism

Diffractometer

Rigaku R-AXIS RAPID imaging plate

Theta range for data collection

2.955 to 25.020°.

Index ranges

-19<=h<=19, -24<=k<=24, -9<=l<=9

Reflections collected

6742

Independent reflections

1259 [R(int) = 0.0986]

Observed reflections (I > 2sigma(I))

1086

Completeness to theta = 25.020°

98.5 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.000 and 0.777

Solution method

SHELXT-2014/5 (Sheldrick, 2014)
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Refinement method

SHELXL-2014/7 (Sheldrick, 2014)

Data / restraints / parameters

1259 / 1 / 98

Goodness-of-fit on F2

1.074

Final R indices [I>2sigma(I)]

R1 = 0.0370, wR2 = 0.0738

R indices (all data)

R1 = 0.0526, wR2 = 0.0789

Absolute structure parameter

0.02(2)

Largest diff. peak and hole

0.441 and -0.331 e.Å-3
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Part Two. Study of proton-coupled electron transfer by high-valent
metal complexes.
Chapter 4. Concerted Proton-Electron Transfer Oxidation of
Phenols and Hydrocarbons by a High-Valent Nickel Complex
This work is adapted from Fisher, K. J.; Feuer, M. L.; Lant, H. M. C.; Mercado, B. Q.; Crabtree, R.
H.; Brudvig, G. W. Chemical Science 2020, 11 (6), 1683-1690. KJF performed all kinetics
experiments, analyzed date, and wrote the manuscript. MLF contributed to synthesis of Ni(pyalk)2+.
HMCL performed EPR experiments and helped with modeling. BQM prepared crystal structures.
Originally published by the Royal Society of Chemistry, 2020.

4.1

Introduction
Reactions in which protons and electrons move in a single, concerted step (concerted

proton-electron transfer, or CPET) play a significant role in many organic, inorganic, and
bioinorganic catalytic systems, as discussed in Chapter 1. CPET at high-valent metal centers has
been proposed or observed in the catalytic mechanisms ranging from enzymatic reactions1-2 to
water-oxidation catalysis3-4 to organic synthesis.5-6 In many of these systems, the proton and
electron are transferred to a high-valent metal-oxo species; however, another strategy involves the
transfer of the proton to the ligand scaffold instead. This approach is also relevant to some
bioinorganic systems. For instance, in nickel superoxide dismutase (NiSOD), a CPET step is
proposed to occur at a highly oxidized nickel(III) intermediate in which a coordinated thiol or amide
moiety acts as a proton donor.7-9
Understanding the CPET reactivity of high-valent metal centers may give some insight into
their reactivity in catalytic systems. In particular, understanding CPET steps in systems in which
the proton is transferred to the ligand may provide insight into catalytic systems that do not or
cannot go through metal-oxo intermediates, such as copper- or nickel-containing water-oxidation
catalysts or NiSOD.
As discussed in previous chapters, we have found that the strongly donating pyalk ligand
can stabilize metal centers in high oxidation states, including species as highly oxidized as Ir(V).10
In addition, the pyalk alkoxide has been suggested to act as a proton shuttle in catalytic water
oxidation, as proposed in the catalytic water oxidation cycle for Cu(pyalk)2 in Chapter 3.11-12 We
therefore reasoned that a high-valent metal compound stabilized by the pyalk ligand was a good
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candidate for fast CPET. In this chapter, we describe the preparation of a stable Ni(III) species
capable of reacting with a variety of O-H and C-H bonds via CPET.

4.2

Synthesis and characterization of Ni(pyalk) and [Ni(pyalk)]+
We first prepared 1, a new square-planar nickel(II) complex with two pyalk ligands arranged

in a trans orientation (Figure 4.1A), which was characterized by X-ray crystallography, 1H NMR
spectroscopy, and cyclic voltammetry (CV). The CV of 1 shows a reversible redox feature at 0.15
V vs. Fc/Fc+, suggesting that oxidation generates a stable Ni(III) species (Figure 4.1B).

Figure 4.1. A) X-ray crystal structure of Ni(pyalk)2 (1). Atoms are shown at the 50% probability
level. (1). B) Cyclic voltammogram of 1 in MeCN. The reversible wave at 0.15 V vs. Fc/Fc+ is
assigned as a Ni(II/III) couple.
In CH2Cl2, 1 was treated with [NO][BF4] or [NO][PF6] (E0 = 0.6 V vs. Fc/Fc+) to generate the
oxidized species (Scheme 4.1). Upon addition of oxidant, the solution immediately changed from
light green to deep blue. UV-visible spectroscopy indicated the presence of two intense features in
the absorption spectrum (λmax = 340 nm and 610 nm, Figure 4.11). Such intense absorption
features in the visible and NIR regions are consistent with the data from other Ni(III) compounds,13
which led us to suspect that the Ni center had been oxidized. In addition, 1H NMR of 2 gave a broad
paramagnetic spectrum, in contrast to the diamagnetic spectrum of 1 (Figure 4.13). Measurement
of the solution magnetic susceptibility by the Evans method14 at room temperature gave a μeff of
1.87 for 2, consistent with the presence of one unpaired electron, as expected for a square-planar
Ni(III) compound.
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Scheme 4.1. Synthetic route for preparation of NiII(pyalk)2 (1) and NiIII(pyalk)2+ (2).
Electron paramagnetic resonance (EPR) spectroscopy showed the presence of a single
S = ½ species (Figure 4.2A). A ligand centered oxidation would be expected to show an isotropic
signal near g = 2.0. However, the observed rhombic spectrum had g values of gx = 2.077,
gy = 2.091, gz = 2.274. These g values, as well as gave = 2.145, are consistent with a low-spin
square-planar d7 Ni(III) complex.15
As demonstrated for a variety of iridium complexes,16-19 X-ray photoelectron spectroscopy
(XPS) provides another method for identifying a metal-centered oxidation. For metal-centered
redox events with no change to the ligand set, the Ni 2p binding energy is expected to increase
with oxidation state. Between 1 and 2, the Ni 2p binding energy increases by 1.4 eV, consistent
with a metal-centered oxidation from Ni(II) to Ni(III) (Figure 4.2B).

Figure 4.2. A) experimental (blue) and simulated (red) EPR spectrum of 2 taken in CH2Cl2/toluene
at 77 K. B) XPS spectrum of 2 (top) and 1 (bottom). The ~1 eV shift is consistent with a one-electron
oxidation of the nickel center.
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High-resolution electrospray ionization (ESI) mass spectrometry confirmed the molecular
formula of 2. A solution of 2 in CH2Cl2 gave a peak at m/z = 330.09 with the expected isotopic
pattern for nickel (Figure 4.12A). A mass spectrum of the parent compound, 1, was also taken,
which showed a peak at m/z = 331.09 (Figure 4.12B), corresponding to [1 + H+]. Despite having
the same elemental formula, 1 is uncharged, and thus is observed as the positively charged
protonated species, whereas 2 bears a positive charge already, and thus is observed without any
associated ions. This result confirms that 2 is the one-electron oxidation product of 1. The ESI mass
spectrum of 2 does show a small signal at m/z = 331.09, which may indicate that some reduction
of 2 occurs during the mass spectral analysis or over time in CH2Cl2.
Despite our best efforts, we were unable to obtain a crystal structure of 2. While attempting
to use pyridine as a co-solvent for crystallization, however, the solution changed from deep blue to
bright orange (λmax = 420 nm, Figure 4.11), suggesting the formation of a new Ni(III) compound.
Crystals of this new complex, 3, were successfully grown from CH2Cl2/pentanes (Figure 4.3A). 3
proved to be an octahedral complex, with two equatorial pyalk ligands and two axial pyridines. 3
contains a PF6- counteranion, and a comparison of Ni-O bond lengths (Table 4.4) indicate that the
alkoxide arms of the pyalk ligand on 3 remain deprotonated, suggesting that 3 remains in the Ni(III)
oxidation state. The EPR spectrum of 3 (Figure 4.3B) exhibits an axial signal with gx = 2.202, gy =
2.163, and gz = 2.030. A five-line hyperfine pattern is observed on the gz turning point, indicating
coupling of the unpaired electron to the pyridyl nitrogens.20 We found that the pyridine ligands do
not remain bound in solution unless excess pyridine is present; when crystals of 3 were dissolved
in CH2Cl2, 3 immediately reverted to 2, as observed by UV-Visible spectroscopy (Figure 4.11).
Upon addition of excess pyridine, the absorbance spectrum of 3 was re-established.
Remarkably, 2 and 3 are stable at room temperature, both as solids and in solution; this is
rare for Ni(III) compounds, which tend to be stable only between -80 °C and -20 °C.13, 21-22
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Figure 4.3. A) X-ray crystal structure of 3. Atoms are shown at the 50% probability level. A noncoordinated pyridine has been omitted for clarity. B) experimental (black) and simulated (red) EPR
spectrum of 3 in CH2Cl2/pyridine at 193 K.

4.3

Oxidation of phenols
With the oxidation state of 2 established, we sought to test its oxidative reactivity. We had

shown in previous studies that the pyalk ligand could be reversibly protonated while coordinated to
first row transition metals;23 therefore, we hypothesized that 2 could undergo proton-coupled
electron transfer (PCET) through the reaction proposed in Scheme 4.2.
OH
tBu

O

+
tBu

+

tBu

N
O
NiIII
O
N

+
tBu

N

O
+

NiII
N

O

X

X

Scheme 4.2. Proposed PCET pathway for oxidation of phenols by 2.
To test 2 for PCET reactivity, 2 was treated with 100 equivalents of 2,4,6-tri-tert-butylphenol
(TTBP), a common substrate for PCET reactions due to the stability of the phenoxyl radical formed
upon the loss of proton and electron. When the colorless solution of TTBP was added to the deep
blue solution of 2 in CH2Cl2, a color change was immediately observed. The appearance of the
characteristic peaks at 383 nm and 400 nm in the UV-Visible absorbance spectrum of this solution
(Figure 4.4) indicated that the tri-tert-butylphenoxyl radical had been formed, causing the observed
color change,24 and the disappearance of the features at 340 nm and 610 nm indicated that 2 had
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been consumed. In a similar reaction between 2 and 2,6-di-tert-butyl-phenol (DTBP), the radical
coupling

product

3,3',5,5'-tetra-tert-butyl-[1,1'-bi(cyclohexylidene)]-2,2',5,5'-tetraene-4,4'-dione

was detected by gas chromatography-mass spectrometry (GC-MS, Figure 4.14). These results
suggested that 2 was undergoing PCET.

Figure 4.4. UV-visible spectrum of 2 before (blue) and after (red) addition of excess tri-tertbutylphenol. The red trace is consistent with the published UV-visible spectrum of the tri-tertbutylphenoxyl radical.24
For reactions of highly oxidized metal species with phenols, several types of PCET
reactions are possible: proton transfer followed by electron transfer (PT-ET), electron transfer
followed by proton transfer (ET-PT), and concerted proton-electron transfer (CPET)/hydrogen atom
transfer (HAT) mechanisms have all been observed for transition metal systems.25-27 Analysis of
kinetic measurements can be used to differentiate between these mechanisms. Therefore, the
kinetics of the reaction of 2 with a series of para-substituted 2,6-di-t-butylphenols (4-X-2,6-DTBP)
was studied by stopped-flow UV-Visible spectrophotometry in order to further investigate the
mechanism of oxidation by 2. For these reactions, excess substrate was used to ensure
pseudo-first order conditions (10-100 equivalents 4-X-2,6-DTBP). Representative UV-visible
spectra as a function of time are displayed in Figure 4.5 and representative time traces can be
found in Figure 4.15 and Figure 4.16. Reactions with all substrates under these conditions fit well
to a single exponential decay at a single wavelength (λ = 610 nm), for which global analysis gave
kobs values. Plots of kobs vs. initial substrate concentration displayed a linear dependence (Figure
4.17-Figure 4.23), allowing us to determine the second-order rate constant (k2) for each substrate
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(Table 4.3).

Figure 4.5. Representative UV-visible spectra as a function of time for the reaction of 2 with 4-X2,6-DTBP in CH2Cl2. The dashed curves show one out of every 100 intermediate traces.
Measured k2 values were plotted against the Hammett parameter σp+ (Figure 4.6.A). The
σp+ constant was chosen rather than σp because σp+ is suggested to more accurately represent the
electronic structure of the transition state for CPET from phenols,28 and a strong negative
correlation between σp+ and reaction rate is well known for this class of reactions.29 Hammett
analysis showed that k2 decreases with the electron-withdrawing capabilities of the para-substituent
of the substrate (ρ = -2.19). This result is inconsistent with a rate-limiting proton transfer followed
by electron transfer (PT-ET) mechanism, which would show a positive linear correlation in the
Hammett plot.30 The observed strong negative association is, however, consistent with the
formation of the electron deficient phenoxyl radical intermediate.31-32 These results suggest a CPET
mechanism for the reaction of 4-X-2,6-DTBP substrates with 2. Similarly, the plot of log(k2) vs. O-H
bond dissociation enthalpy (BDEO-H) of the phenol substrates also demonstrated a strong linear
correlation (Figure 4.6.B).33 In contrast, the plots of k2 vs. substrate pKa or E1/2 showed a much
poorer correlation (Figure 4.24). This linear dependence between log(k2) and BDEO-H also
suggests a CPET mechanism and is consistent with similar plots constructed for other metal-based
oxidants.21, 34-35 It should be noted that this mechanism could also be described as hydrogen atom
transfer (HAT) and is frequently referred to as such in the literature.36
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Figure 4.6. A) Hammett plot for the reaction of 2 with 4-X-2,6-DTBP substrates. B) Plot of log(k2)
vs. BDE of 4-X-2,6-DTBP substrates.
H/D kinetic isotope effects (k2(H)/k2(D), KIE) can help differentiate between the previously
discussed mechanisms. When the phenolic proton of 2,6-DTBP was replaced with a deuterium
atom, the measured k2 value decreased dramatically, and a KIE of ~4 was calculated (Figure 4.7).
A primary KIE of this magnitude implies that the cleavage of an O-H bond occurs in the ratedetermining step, ruling out pathways involving rate-limiting electron transfer. This value for the KIE
is also in good agreement with KIEs reported for the reaction of other metal-based oxidants with
2,6-DTBP that react via CPET.22, 31

Figure 4.7. Representative time trace of the absorbance at λ = 610 nm for the reaction of 2 with 26-DTBP-H (top left) and 2,6-DTBP-D (bottom left), and plot of kobs vs. concentration for 2,6-DTBPH and 2,6-DTBP-D substrates (right).
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It should be noted that pKa and BDE values used in our analysis were measured in dimethyl
sulfoxide (DMSO) rather than CH2Cl2, due to the lack of an absolute pKa scale in CH2Cl2.37 The
general linear trend, however, is expected to remain the same regardless of solvent, as relative
bond dissociation enthalpies and bond dissociation free energies (BDFEs) do not change
significantly with solvent. To test this assumption, the BDFEs in CH2Cl2 of several phenol substrates
were estimated by converting from DMSO values using Abraham’s empirical model.38-40 Calculating
BDFEs in this manner relies on a number of assumptions, which are discussed in more detail in
the supporting information (Section 4.8.4), so the BDFE values should be treated as estimates.
Even so, we still see a strong linear correlation between log(k2) and BDFECH2Cl2 ( Figure 4.25). In
a similar fashion, we also used Ingold’s kinetic solvent effect relationship to calculate the expected
rate constants in DMSO,41 which we then plotted against known BDFEs and BDEs measured in
DMSO (Figure 4.26). Once again, we saw a strong linear correlation, further supporting our
conclusion that 2 reacts with phenols through a CPET mechanism.

4.4

Oxidation of hydrocarbons
To further probe its CPET reactivity, 2 was treated with a number of hydrocarbon substrates.

Initial reactions of 2 with 1,4-cyclohexadiene and 9,10-dihydroanthracene produced the expected
products of benzene and anthracene, as determined by gas chromatography and 1H-NMR (Figure
4.27A). To determine the extent of reactivity of 2 with hydrocarbons, 2 was treated with a number
of substrates having a range of C-H bond strengths.
As with phenols, the reactions were monitored by stopped-flow UV-visible spectroscopy,
or by UV-visible spectroscopy for slowly reacting substrates. All reactions were carried out under
pseudo-first order conditions (10-100 equivalents of substrate). Reactions with all substrates under
these conditions gave a good fit to a single exponential decay at a single wavelength (λ = 610 nm,
representative examples can be found in Figure 4.28), except for reactions with THF, and global
analysis was used to find kobs values. For reactions with THF, the method of initial rates was used
to find kobs values. Plots of kobs vs. substrate concentration gave good linear fits for all substrates,
and the slopes of these fits were used to extract k2 values for each substrate (Figure 4.29 – Figure

113

4.35). When appropriate, the data were statistically corrected to account for the number of
hydrogen atoms susceptible to oxidation. For kinetic analysis of multi-proton/multi-electron
reactions, such as the oxidation of 9,10-dihydroanthracene to anthracene (Figure 4.27B), the first
CPET step was considered to be the rate-determining step, since the resulting radical species
generally have significantly lower BDEs than the parent compounds.38, 42-43
2 was found to react with hydrocarbons with C-H bond strengths that ranged from 77-92
kcal/mol. For substrates with low C-H bond strengths, 2 reacted at appreciable rates – log k2 values
of 0.89 and 0.74 were found for reactions of 2 with 1,4-cyclohexadiene and 9,10-dihydroanthracene
(DHA), respectively. A plot of log(k2) vs. C-H BDE showed a strong linear correlation (Figure 4.8).
In contrast, plots of log(k2) vs. substrate E1/2 or pKa showed a very poor correlation (Figure 4.36).
This result strongly suggests a CPET mechanism for hydrocarbon oxidation as well.

Figure 4.8. Plot of log(k2) vs. bond dissociation enthalpy (BDE) for the reaction of 2 with
hydrocarbon substrates.

To further investigate the mechanism of PCET by 2, dihydroanthracene-d4 was prepared,
and an H/D kinetic isotope effect was measured. A large H/D KIE of ~11 was observed, indicating
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the involvement of a proton in the rate-determining step (Figure 4.37). This result, in combination
with the linear correlation between log(k2) and C-H bond strength, further supports our assignment
of a CPET mechanism.

4.5

Thermodynamic analysis
We sought to identify the nickel-containing products of the reaction of 2 with phenol and

hydrocarbon substrates. Based on our results suggesting that a CPET mechanism was at play, we
suspected that the nickel center was being reduced and that the pyalk ligand was accepting a
proton and transforming the alkoxide ligand to an alcohol, resulting in the formation
[Ni(pyalk)(pyalkH)]+. 1H NMR of reaction products of 2 with 2,6-DTBP, however, showed only the
presence of the fully deprotonated 1 in solution. A blue precipitate was also identified. This
precipitate was dissolved in water and extracted into CH2Cl2 using NaBArF (BArF = [B[3,5(CF3)2C6H3]4]−).

1

H NMR analysis of the resulting product indicated the presence of

[Ni(pyalkH)2][2(BArF)] (4) (Figure 4.9A, Figure 4.38). This result suggests that, once the nickel
metal center has been reduced, the pyalkH proton is labile enough to rearrange. Attempts to
crystallize 4 were unsuccessful; however, when treating Ni(OAc)2 with the pyalkH ligand,
Ni(pyalkH)2(OAc)2 (5) was crystallized, demonstrating the binding of the pyalkH ligand to a nickel
center (Figure 4.9.B).

Figure 4.9. A) Structure of [Ni(pyalkH)2]2+ (4). B) X-ray crystal structure of Ni(pyalkH)2(OAc)2 (5).
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With the reaction products more fully understood, we constructed the square scheme in
Scheme 4.3 to determine the thermodynamics of the reaction. The pKa for the first deprotonation
of the pyalk ligand of 4 (pKa1,Figure 4.39) was estimated spectroscopically to be ~25 in MeCN
using data from the deprotonation of 4 to 1. Using this value, along with the E01/2 value of 0.15 V
vs. Fc/Fc+ in MeCN, we were able to determine a BDFE for the bound pyalk O-H bond of ~91
kcal/mol in MeCN using the square scheme shown in Scheme 4.3 and Equation 4.1:38
BDFE = 13.7pKa + 23.06E0 + CG,sol

(Equation 4.1)

pKa,2
[Ni3+L
E01

+H+

2]

-e-

-H

Ni2+(L)2

2+

[Ni3+(LH)(L)]

BDE

+H+

-e-

E02

[Ni2+(LH)(L)+

pKa,1
2 [Ni(pyalk)(pyalkH)]+

Ni(pyalk)2 + [Ni(pyalkH)2]2+

Scheme 4.3. Thermochemical square scheme for stepwise vs. concerted proton and electron
transfer to the complexes described in this work (L=pyalk, LH = pyalkH). The lower equation shows
the proposed proton exchange, explaining the observed products of reactions of 2 with substrates.

It is generally considered more appropriate to use BDFEs to describe the thermodynamics
of PCET by transition metal complexes due to non-negligible entropic contributions.38 However,
many reported high-valent metal-oxo or metal-hydroxo oxidants report only the BDE of the O-H
bond formed upon the reaction with substrate. Therefore, in order to facilitate a comparison
between 2 and reported high-valent CPET/HAT reagents, the BDE of the pyalk O-H bond was also
calculated. The BDE of the pyalk O-H bond for the CPET product of 2 was calculated using same
thermochemical parameters described above and Equation 4.2:
BDE = 13.7pKa + 23.06E0 + CH,sol
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(Equation. 4.2)

For 2, a BDE of ~94 kcal/mol in MeCN was calculated, using a value of 59.4 kcal/mol for
CH in MeCN.38 This BDE can be compared with the value of 105 kcal/mol for tBuO-H,44 taken as a
model compound for free pyalkH, suggesting a modest O-H bond weakening on binding.
By cyclic voltammetry, 4 also showed a quasi-reversible redox feature in MeCN at
E01/2 = 0.58 V vs. Fc/Fc+ (Figure 4.10). Using the BDFE calculated from Equation 1 and the squarescheme relationship, we can estimate the value for pKa2 to be ~18, 7 pKa units below the calculated
pKa,1 of 25.

Figure 4.10. Cyclic voltammogram of 4 in MeCN.The quasi-reversible couple at E0 = 0.58 V vs.
Fc/Fc+ is assigned as a Ni(II/III) couple.
Table 4.1. Thermodynamic and kinetic parameters of high-valent metal compounds capable of
performing CPET with hydrocarbon substrates
Compound
[NiIII(pyalk)2]+ (2)
NiIII(MepyN2)(ONO2)f
NiIII(MepyN2)(Cl)f
[(MeAN)CuIII(μO2)NiIII(MeNacnac)]+ g
[MnIII(H3buea)(O)]2- h
[MnIV(H3buea)(O)]- h
[FeIII(PY5)(OCH3)]2+ i
CuIII(iPrpyN2)(OH)j
RuIV(bpy)2(py)(O)

E01 (V vs.
BDE
Fc/Fc+) (kcal/mol)
0.15
94
0.43
0.56
-2.0
-1.0
0.73
-0.074
0.48c

77
89
84
90
84

a

log(k2)
DHAa,b
0.74
0.91
-

log(k2)
TTBPa,b
2.48

Ref

0.394d
-0.82

This work
21
22
45

-0.53
-1.59
-2.25
2.27
2.09

-0.22e
-

25
25
46
34
35, 47-48

k2 = second-order rate constant for reaction with the designated substrate, measured at 25 °C unless otherwise noted; b DHA =
9,10-dihydroanthracene, TTBP = tri-tert-butylphenol (4-tBu-2,6-DTPB) c vs. SCE; d measured at -40 °C; e measured at -50 °C; f
MepyN =
N, N′-(2,6-dimethylphenyl)-2,6-pyridinedicarboxamide; g MeAN = N,N,N′,N′,N′-pentamethyl-dipropylenetriamine and
2
MeNacnac = [HC(CMeNC H (iPr) ) ]); h H buea = tris[(N′-tert-butylureaylato)-N-ethylene]amine; i PY5 = 2,6-bis(bis(26 3
2 2
3
pyridyl)methoxymethane)pyridine; j iPrpyN2 = N, N′-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide.
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The reactivity of 2 with 2,6-DTBP and DHA compares favorably with other reported highvalent metal-oxo and metal-hydroxo complexes capable of CPET or HAT (Table 4.1). 2 reacts
with DHA at a faster rate than several manganese- and iron-oxo complexes. 2 also compares
extremely well with high-valent metal alkoxide and carboxylate compounds, including the only
other reported Ni(III) systems, which tend to react with C-H bonds at slower rates than their
metal-oxo counterparts. We hypothesize that the particularly strong BDE of the O-H bond formed
and the strong oxidizing power of 2 contribute to its high reactivity toward O-H and C-H bonds.
This result demonstrates that fast CPET can be achieved in high-valent metal systems without
the formation a metal-oxo or metal-hydroxo intermediate, a result relevant to several proposed
water-oxidation mechanisms in artificial photosynthetic systems of cobalt,49 copper,11 and
nickel.50 This result also demonstrates that high-valent metal-alkoxide systems are capable of
attacking strong C-H and O-H bonds, which is particularly relevant to water-oxidation catalysis.
The pyalk ligand thus proves particularly useful for catalytic oxidations of this type.

4.6

Conclusions and outlook
We have synthesized and characterized a Ni(III)-alkoxide compound capable of reacting with

strong C-H and O-H bonds at appreciable rates. A strong correlation between the second-order
rate constant, k2, and substrate bond dissociation enthalpy indicates a CPET mechanism. Large
H/D kinetic isotope effects also support this assignment, while Hammett analysis and poor
correlation between log(k2) and substrate pKa and E1/2 disfavor stepwise mechanisms. We attribute
the fast reactivity of 2 to the strong O-H BDE of the pyalk/pyalkH supporting ligand and the high
oxidizing power of the complex. This result demonstrates that fast PCET can occur in high-valent
metal oxidants without a metal-oxo unit, which may be relevant to certain nickel-containing
enzymes or water-oxidation catalysts of cobalt, copper, or nickel. This report also provides the first
full thermodynamic analysis of CPET by a high-valent nickel complex. The value of pyalk as a
ligand for catalytic oxidations is further supported.
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4.7

Experimental Details

4.7.1 General
Reagents were purchased from Sigma-Aldrich or Alfa Aesar and used as received unless
otherwise specified. [NO][BF4] and [NO][PF6] were purified by sublimation under vacuum before
use and stored at -25 °C in a glove box after purification. All solvents were purified prior to use by
passing over a column of activated alumina and stored over molecular sieves. Experiments were
performed under dinitrogen atmosphere in a glove box or using standard Schlenk technique, unless
otherwise noted. pyalkH51, 2,6-di-tert-butylphenol-d1,52 dihydroanthracene-d446 were prepared
according to literature procedures.

4.7.2 Physical Methods
1
1

H NMR: 1H NMR spectra were recorded on an Agilent DD2 400 MHz spectrometer and

H chemical shifts were referenced to residual solvent. The solution magnetic susceptibility was

determined using the Evans method in CDCl3.14
UV-Visible Spectroscopy: Absorption spectra were collected using a Cary 50
spectrophotometer.
High Resolution Mass Spectrometry (HR-MS) of Ni(pyalk)2 (1): The mass spectral data
were obtained from a Thermo Scientific (Waltham, MA) LTQ Orbitrap ELITE mass spectrometer.
The sample was directly infused into the mass spectrometer via a micro pump. Data were acquired
and analyzed with Xcalibur (v2.1). Resolution was set at 120000, and with a mass range (m/z)
generally from 150 to 1000. Exact masses were obtained for the entire broadband spectrum.
HR-MS of [Ni(pyalk)2]+ (2): HR-MS was performed with a Thermo Scientific Orbitrap Velos
Pro Mass Spectrometer. HR-MS data were recorded in cation mode with a resolution (FWHM) of
at least 30,000 at 400 m/z and averaged over at least 100 spectra. The spray needle was held at
3.5 kV with an injection rate of 10 µL/min, source temperature 44 °C, capillary temperature 225 °C
and sheath gas flow rate 8 a.u. Instrument parameters were held constant for all MS experiments.
Gas Chromatography-Mass Spectrometry (GC-MS): GC-MS data were taken on an
Agilent 6890N/5973 spectrometer.
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EPR: EPR spectra were measured on a Bruker EXELSYS E500 spectrometer utilizing a
super-high Q resonator and a liquid nitrogen finger dewar at 77 K. Instrument parameters included
microwave frequency: 9.374 GHz; microwave power: 0.00206 mW; modulation frequency: 100
kHz; modulation amplitude: 5.00 G; conversion time 5.12 ms; time constant: 1.28 ms. Samples
were prepared at 1 mM in a 1:1 CH2Cl2/toluene mixture. Simulations were performed using Matlab
and the Easyspin package.53
X-ray Photoelectron Spectroscopy: The XPS spectra were collected using a
monochromatic 1486.7 eV Al Kα X-ray source on PHI VersaProbe II X-ray Photoelectron
Spectrometer with a 0.47 eV system resolution. The energy scale was calibrated using Cu 2p3/2
(932.67eV) and Au 4f7/2 (84.00 eV) peaks on a clean copper plate and a clean gold foil. The
samples were prepared by drop casting a solution of 2 in CH2Cl2 onto a Si wafer. The reported
shifts were referenced using the Si 2p peak (99.3 eV) from the Si wafer.
Electrochemical measurements: Electrochemical measurements were performed on a
Pine AFCBP1 bipotentiostat using a standard three-electrode configuration. A boron-doped
diamond working electrode and a platinum counter-electrode were used. A silver wire was used as
a pseudo-reference electrode, and the potential was referenced using a ferrocene internal
standard. Spectra were taking in dry MeCN with 0.1 M tetrabutylammonium hexafluorophosphate
used as electrolyte.
Kinetics: Reactions were monitored by stopped-flow (except for the reaction of 2 with
THF). All stopped flow experiments were performed at room temperature using an On-line
Instruments Systems, Inc. (Olis) U.S.A. Stopped-Flow paired with an Olis RSM 1000 Rapid
Scanning Spectrophotometer. In a typical experiment, a 2 mM stock solution of Ni3+(pyalk)2 in
CH2Cl2 was prepared under dinitrogen atmosphere in a glove box, along with solutions of phenol
or hydrocarbon substrates at various concentrations. Solutions were transferred to gas-tight
stopped flow syringes with Luer Lock tips. Before a run, the stopped-flow mixing lines were flushed
with dry CH2Cl2 and then washed with Ni3+(pyalk)2 or substrate. During the run, equal volumes of
Ni3+(pyalk)2 and substrate were mixed, and 500-4000 UV-visible spectra were taken over the
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course of the reaction. Observed rate constants were determined using global analysis fitting with
the SPECFIT/32 software.
The reaction of 2 with THF was monitored by UV-visible spectroscopy on an Agilent 845x
UV-visible spectrophotometer. In a typical experiment, 2 was added to a sealable quartz cuvette
equipped with a septum top in an N2-filled glove box. The cuvette was sealed and removed from
the glovebox. Dry THF was injected into the cuvette by syringe, shaken briefly to dissolve the solid
2, and then the first UV-visible spectrum was taken. Observed rate constants were determined
using a method of initial rates.
pKa determination of 1: Titrations to determine the pKa of 1 were monitored by UV-visible
spectroscopy. As 4 appears to be sensitive to excess acid, the pKa of 1 was determined by the
titration of 4 with DBU to generate 1. The pKa was determined from a plot of [DBU] vs. [1][DBUH+]/[4]. Concentrations of 1, 4, DBU, and DBU-H+ were determined by mass balance as described
in reference 54.54 The titration was performed 3 times, and the final pKa was found by averaging
the pKa values found in each titration.

4.7.3 Synthesis and characterization
Synthesis of Ni(pyalk)2 (1). 0.60 g (2.5 mmol) NiCl2•6H2O was dissolved in 20 mL MeOH and
40 mL MeCN. 0.70 g of pyalkH (5.1 mmol, 2.1 eq) was added and stirred for several minutes, during
which time the color of the solution changed from teal to dark blue. This mixture was allowed to stir
for an hour, at which time 1.0 mL (10 mmol, 4 eq) of a 0.1 M solution of KOH in MeOH was added,
which caused the solution to turn yellow-green. This solution was allowed to stir for an hour. The
solution was then taken to dryness by rotary evaporation, and the solid was redissolved in 5 mL
CH2Cl2. 25 mL MeCN was added to this solution, and the CH2Cl2 was removed by rotary
evaporation, resulting in the precipitation of a light green solid from the remaining MeCN. Crystals
suitable for X-ray diffraction were grown from diffusion of pentanes into a solution of 1. 1H NMR
(CDCl3, 400 MHz): δH 8.03 (2H, d), 7.63 (2H, t), 7.07 (2H, t), 6.92 (2H, d), 1.54 (12 H, s) ppm. UVvisible λmax, nm (ε M-1 cm-1): 365 (150), 620 (75). Elemental analysis calculated for NiC16H20N2O2:
C, 58.05; H, 6.09; N, 8.46. Found: C, 57.96; H, 6.14; N, 8.29. Yield: 0.65 g, 78%.
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Synthesis of [Ni(pyalk)2]+ (2). To a 20 mL vial equipped with stir bar, 0.40 g (1.2 mmol) Ni(pyalk)2
was added and dissolved in 10 mL dry CH2Cl2. Excess [NO][BF4] was added. Within seconds, the
light green solution turned dark blue. This solution was allowed to stir for 5 minutes. The solution
was then filtered in order to remove any unreacted [NO][BF4]. The resulting solution was then
triturated with 50 mL pentanes, resulting in the precipitation of a dark blue solid. The solid was
filtered under vacuum and washed with pentanes. UV-visible λmax, nm (ε, M-1 cm-1): 340 (990), 610
(1025). Evans method μeff: 1.87 μb. EPR (9.4 GW, 77K): Yield: 0.36 g, 75%.

[Ni(pyalk)2(py)2]+ (3). 0.05 g 2 was dissolved in 2 mL CH2Cl2. To this solution, 0.5 mL pyridine was
added. The solution immediately turned a bright yellow color. Crystals were obtained by vapor
diffusion with pentanes at 0 °C. UV-visible λmax, nm (ε, M-1 cm-1): 415 (1100). EPR (9.4 GW, 77 K):
gx = 2.202, gy = 2.163, gz = 2.030. Yield: 0.04 g, 70%.

Synthesis of [Ni(pyalkH)2][2(BarF)] (4). In a reaction of 2 with dihydroanthracene (see below), a
blue precipitate was identified. This precipitate was collected by vacuum filtration, dissolved in
water and excess NaBArF was added. This resulting product was then extracted into CH2Cl2 and
triturated with pentanes, resulting in the formation of a blue solid.

[Ni(pyalkH)2][2(BarF)] (4) alternate synthesis. 0.1 g (0.3 mmol) Ni(BF4)2•6H2O was dissolved in
10 mL H2O. 0.081 g of pyalkH (0.6 mmol, 2.1 eq) was added and stirred for several minutes. This
solution was transferred to a separatory funnel, and excess NaBArF and CH2Cl2 were added. The
resulting product was extracted into CH2Cl2 and washed 3 times with water. The organic layer was
dried over MgSO4 and brought to dryness by rotary evaporation. The resulting solid was redissolved
in CH2Cl2, filtered, and layered with pentanes, resulting in a light blue powder. 1H NMR (CDCl3, 400
MHz): δH 8.53 (2H, d), 8.11 (t, 2H), 7.71 (s, 16H), 7.63 (d, 2H), 7.55 (s, 10H), 1.53 (s, 12H).
Elemental analysis calculated for NiC88H56B2F48N3O3: C, 48.14; H, 2.57; N, 1.91. Found: C, 47.94;
H, 2.56, N, 2.02 Yield: 0.31 g, 46%.
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Synthesis of Ni(pyalkH)2(OAc)2 (5). 0.10 g (0.56 mmol) NiOAc2•4H2O was dissolved in 10 mL
MeOH and 20 mL MeCN. 0.170 g of pyalkH (1.25 mmol, 2.2 eq) was added and stirred for several
minutes, during which time the color of the solution changed from teal to bright blue. The solution
was brought to dryness by rotary evaporation and redissolved in CH2Cl2. This solution was layered
with pentanes and stored at -20 °C, affording blue crystals after several days. Elemental analysis
calculated for NiC20H28N2O6: C, 53.25; H, 6.26; N, 6.21. Found: C, 52.34; H, 6.30, N, 5.96. Yield:
0.18 g, 85%.

Reaction of 2 with 9,10 dihydroanthracene: To a 20 mL vial equipped with stir bar in an N2-filled
glove box, 0.01 g (0.024 mmol) 2 was added. 2 was dissolved in 10 mL dry CH2Cl2, and to this
solution 0.0095 g (2.2 eq) 9,10-dihydroanthracene was added. The solution was stirred for 4 hr,
during which time the color changed from dark blue to light green and slightly cloudy. The solution
was removed from the glove box and run over a plug of alumina to remove the reduced nickel
species. The resulting solution was then brought to dryness by rotary evaporation and redissolved
in CDCl3 for 1H NMR analysis.
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4.8

Supplementary Figures and Discussion

4.8.1 Characterization of 1-3

Figure 4.11. UV-visible spectrum of 3 in the absence (blue) and presence of excess pyridine
(yellow). When pure crystals of 3 are dissolved in CH2Cl2, the UV-visible spectrum is identical to
that of 2, indicating that the pyridine ligands do not remain bound. When excess pyridine is added
to this solution, the UV-visible spectrum of 3 is re-obtained. The spectrum of 1 has been included
for comparison.
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Figure 4.12. A) Actual (top) and theoretical (middle and bottom) HRMS spectra of [Ni(pyalk)2]+ (2)
in positive mode. B) Actual (top) and theoretical (bottom) HRMS spectrum of Ni(pyalk)2 (1) in
positive mode.
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Figure 4.13. A) 1H NMR spectrum of a 5mM solution of Ni(pyalk)2 (1) in CD2Cl2. B) 1H NMR
spectrum of Ni(pyalk)2+ (1) in CD2Cl2.

126

4.8.2 Kinetic measurements for the reaction of 2 with phenol and hydrocarbon
substrates

Figure 4.14. GC-MS spectrum of the products of the reaction between 2 and 2,6-DTBP.

Figure 4.15. Representative traces of the absorbance at λ = 610 nm as a function of time for four
of the phenol substrates under pseudo-first order conditions.
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Figure 4.16. Representative fits of the absorbance at λ = 610 nm of two of these phenol substrates:
4-Me-2,6-DTBP (left) and 4-tBu-2,6-DTBP (right).

Figure 4.17. Plot of kobs vs. concentration the pseudo-first order reaction of 2 with 2,6-di-tertbutylphenol in CH2Cl2 at 25 °C.

Figure 4.18. Plot of kobs vs. concentration for the pseudo-first order reaction of 2 with 2,6-di-tertbutylphenol-D in CH2Cl2 at 25 °C.
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Figure 4.19. Plot of kobs vs. concentration for the pseudo-first order reaction of 2 with 4-OMe-2,6di-tert-butyl-phenol in CH2Cl2 at 25 °C.

Figure 4.20. Plot of kobs vs. concentration for the pseudo-first order reaction of 2 with 2,4,6-tri-tertbutylphenol in CH2Cl2 at 25 °C.
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Figure 4.21. Plot of kobs vs. concentration for the pseudo-first order reaction of 2 with 4-methyl-2,6di-tert-butylphenol in CH2Cl2 at 25 °C.

Figure 4.22. Plot of kobs vs. concentration for the pseudo-first order reaction of 2 with 4-Br-2,6-ditert-butylphenol in CH2Cl2 at 25 °C.
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Figure 4.23. Plot of kobs vs. concentration for the pseudo-first order reaction of 2 with 4-CN-2,6-ditert-butylphenol in CH2Cl2 at 25 °C.

Figure 4.24. Plots of log(k2) vs. substrate pKa (left) and log(k2) vs. substrate redox potential (right).
The linear fits of these graphs are poorer than the linear fit of log(k2) vs. substrate BDE shown in
Figure 4.8.
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Table 4.2. Summary of kinetic and thermodynamic parameters used for analysis of the reaction of
2 with substituted phenols
-X

E°1/2 (V vs Fc/Fc+)45, 55

pKaa
(DMSO)56

BDE (kcal/mol)56-

k2 (M-1 s-1 in CH2Cl2)

57

-OMe

0.53

18.2

78.3

6183

-Me

0.90

17.7

81.0

376.9

-tBu

0.93

17.8

81.2

305.5

-H

1.07

17.3

82.0

189.3

-Br

1.10

-

83.2

50.8

-CN

-

-

84.3

5.80

a

All BDEs reported as measured in DMSO. When multiple BDE values were available, values determined
using pKa and E0 data were chosen for the sake of consistency.

Figure 4.25. Plot of log(k2) vs. substrate BDFE in CH2Cl2. BDFEs in CH2Cl2 were calculated from
both BDFEs in DMSO and BDFEs in C6H638 and were found to be within 0.9 kcal/mol. For a more
detailed discussion on calculating BDFEs in CH2Cl2, see Section 4.8.4.
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Figure 4.26. Left: Plot of log(k2)DMSO vs. substrate BDE. Right: Plot of log(k2)DMSO vs. substrate
BDFE. BDFE’s were calculated from the pKa and E0 data given in equation 2. For a more detailed
discussion on calculating k2,DMSO see Section 4.8.4.
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A)
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Figure 4.27. (A)1H NMR spectrum of the reaction of a 1 mM solution of dihydroanthracene with a
1 mM solution of 2. Based on integration, the yield of anthracene is ~50%. (B) Proposed mechanism
for the 2 H+/2 e- oxidation of 9,10-dihydroanthracene to anthracene by 2 equivalents of 2.
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Figure 4.28. Representative fits of the absorbance at λ = 610 nm as a function of time for two
hydrocarbon substrates: dihydroanthracene (left) and fluorene (right).

Figure 4.29. Plot of kobs vs. concentration for the reaction of 2 with 1,4-cyclohexadiene in CH2Cl2
at 25 °C.
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Figure 4.30. Plot of kobs vs. concentration for the reaction of 2 with dihydroanthracene in CH2Cl2 at
25 °C.

Figure 4.31. Plot of kobs vs. concentration for the reaction of 2 with dihydroanthracene-d4 in CH2Cl2
at 25 °C.
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Figure 4.32. Plot of kobs vs. concentration for the reaction of 2 with fluorene in CH2Cl2 at 25 °C.

Figure 4.33. Plot of kobs vs. concentration for the reaction of 2 with diphenylmethane in CH2Cl2 at
25 °C.
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Figure 4.34. Plot of kobs vs. concentration for the reaction of 2 with tetrahydrofuran (THF) in CH2Cl2
at 25 °C.

Figure 4.35. Representative fitting of pseudo-first order reaction between 2 and THF by method of
initial rates.
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Figure 4.36. Plots of log(k2) vs. substrate redox potential (left) and log(k2) vs. substrate pKa
(right).The linear fits of these graphs are poorer than the linear fit of log(k2) vs. substrate BDE
shown in Figure 4.8. Plot of log(k2) vs. bond dissociation enthalpy (BDE) for the reaction of 2 with
hydrocarbon substrates.

Figure 4.37. Left: representative time trace of the absorbance at λ = 610 nm for the reaction of 2
with dihydroanthracene (DHA) (top) and DHA-d4 (bottom). Right: Plot of kobs vs. concentration for
the reaction of 2 with DHA and DHA-d4.

Table 4.3. Summary of thermodynamic and kinetic parameters in our analysis of the reaction of 2
with hydrocarbon substrates.
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Substrate

E°1/2 (V vs Ag/Ag+
in MeCN)58

pKa
(DMSO)59

BDEa
(kcal/mol)35, 38, 60

k2 (M-1 s-1 in
CH2Cl2)

1,4-cyclohexadiene

-

-

76 ± 1

7.48

9,10dihydroanthracene

1.53

30

78 ± 3

5.4

Cyclohexene

1.58

44

81 ± 2

1.94

Fluorene

1.25

23

82 ± 2

0.52

Diphenylmethane

1.83

32

84.3 ± 1

0.33

NipyalkH_Barf_redo_PROTON_01

40

38

36

34

32

THF

1.61

-

92 ± 1

0.033

30

28

a

All BDEs reported as measured in DMSO. When multiple BDE values were available, values determined
using pKa and E0 data were chosen for the sake of consistency.
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4.8.3 Characterization of 4
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Figure 4.38. 1H NMR spectrum of 4, [(Ni)(pyalkH)2][2(BArF)] in CD2Cl2.
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Figure 4.39. Representative UV-visible spectra of a titration of 4 with DBU (left) and linearized
titration plot for the conversion of 4 to 1 (right).

Table 4.4. Comparison of bond lengths between nickel in various oxidation states and the pyalk
oxygen for several compounds discussed in this report.
Compound
Ni(pyalk)2 (1)
[Ni(pyalk)2(py)2]+ (3)
Ni(pyalkH)2(OAc)2 (4)

Oxidation state of Ni
2+
3+
2+

Ni-Opyalk bond length (Å)
1.8365(15)
1.840(2)
2.076(18)

4.8.4 Discussion of Bond Dissociation Enthalpies/Bond Dissociation Free
Energies and Solvent Effects
The interconversion of bond dissociation free energies between solvents for a species XH
can be accomplished by converting a BDFE measured in a given solvent to the gas phase and then
estimating the free energy of solvation of H• and the difference solvation free energy between X•
and XH.39, 41
BDFEsolv = BFDEg + ΔGo(H•) + ΔGo(X•) - ΔGo(XH).

(Equation 4.3)

The free energy of solvation of H• is assumed to be the same as the free energy of
solvation of H2 at STP.41 The difference in free energy of solvation between X• and XH can be
estimated as the energy of the XH-solvent hydrogen bond in aprotic solvents. This value can be
found using the empirical equation40:
ΔG0solv = -10.02𝛼30 𝛽30 - 1.492
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(Equation 4.4)

where 𝛼30 is a hydrogen-bonding acidity parameter unique to each substrate and 𝛽30 is a hydrogenbonding basicity parameter unique to each solvent.
This calculation is made for both solvents (in our case, DMSO and CH2Cl2), using the
parameters found in Table 4.5, resulting in the following equations:
BDFECH2Cl2 = BFDEg + ΔGosolv(H2)CH2Cl2 – (-10.02𝛼30 (0.05) –1.492)

(Equation 4.5)

BDFEDMSO = BFDEg + ΔGosolv(H2)DMSO – (-10.02𝛼30 (0.78) – 1.492)

(Equation 4.6)

These equations can then be subtracted from one other and rearranged to provide the
following relationship for 4-X-2,6-DTBP, 𝛼30 = 0.22 for all 4-X-2,6-DTBP substrates:41
BDFECH2Cl2 = BDFEDMSO – [ΔGosolv(H2) DMSO – (-10.02𝛼30 (0.78) – 1.492)] + [ΔGosolv(H2)CH2Cl2 –
(-10.02𝛼30 (0.05) –1.492)]

(Equation 4.7)

To ensure that this procedure resulted in reliable BDFE’s, the same process was repeated
with C6H6 instead of DMSO as one of the solvents. The BDFECH2Cl2 values found using C6H6 BDFE
values were within 0.9 kcal/mol of those found using the DMSO values. Plots of log(k2) vs.
BDFECH2Cl2 can be found in Figure 4.25.
Table 4.5. Solvent parameters used in this analysis.

1

Solvent

20
𝜷𝑯
𝟐

CH2Cl2

0.05

4.51

DMSO

0.78

5.61

C6H6

0.14

4.80

ΔGo(H2)61

Estimated to be the same as ΔGosolv(H2) in 1,2-dichloroethane as the value in CH2Cl2 has not been reported.

The interconversion of k2 values between different solvents can be found in a similar
fashion. The empirical equation relating reaction rates across different solvents can be found in the
following equation, where ksolv is the rate constant in a hydrogen-bonding solvent and k0 is the rate
constant in a non-hydrogen bonding alkane solvent:41
log(ksolv) = k0 – 8.3𝛼30 𝛽30
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(Equation 4.8)

As above, 𝛼30 is a hydrogen-bonding acidity parameter unique to each substrate and 𝛽30 is
a hydrogen-bonding basicity parameter unique to each solvent. To convert k2,CH2Cl2 to k2,DMSO, we
plugged in the appropriate 𝛽30 parameters to the equation above to obtain:
log(kDMSO) = k0 – 8.3𝛼30 (0.78)

(Equation 4.9)

log(kCH2Cl2) = k0 – 8.3𝛼30 (0.05)

(Equation 4.10)

Subtracting these two equations from one another and rearranging provides the following
relationship:
log(kDMSO) = log(kCH2Cl2) – 6.06𝛼30

(Equation 4.11)

𝛼30 = 0.22 for all 4-X-2,6-DTBP substrates. Plots of log(kDMSO) vs. BDFE and log(kDMSO) vs. BDE
can be found in Figure 4.26.
The analyses described above could not be performed for experiments involving the
oxidation of hydrocarbons, as 𝛼30 values are not available for most of those substrates.

4.8.5 Crystallographic Experimental Details
Low-temperature diffraction data (ω-scans) were collected on a Rigaku R-AXIS RAPID
diffractometer coupled to an R-AXIS RAPID imaging plate detector with Mo Kα radiation (λ =
0.71073 Å) for the structure of 1; similar data were collected on a Rigaku MicroMax-007HF
diffractometer coupled to a Saturn994+ CCD detector with Cu Kα (λ = 1.54178 Å) for the structures
of 3 and 4. The diffraction images of 1 were processed and scaled using the Rigaku CrystalClear
software (CrystalClear and CrystalStructure; Rigaku/MSC: The Woodlands, TX, 2005). The
diffraction images of 3 and 4 were processed and scaled using Rigaku Oxford Diffraction software
(CrysAlisPro; Rigaku OD: The Woodlands, TX, 2015). All structures were solved with SHELXT and
were refined against F2 on all data by full-matrix least squares with SHELXL (Sheldrick, G. M. Acta
Cryst. 2008, A64, 112–122). All non-hydrogen atoms were refined anisotropically. Unless stated
otherwise, hydrogen atoms were included in the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the U value of the atoms to which they are linked (1.5 times for methyl groups).
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CCDC numbers 1954011 (1), 1954012 (3), and 1954013 (5) contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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Crystallographic Information for 1

Figure 4.40. Thermal ellipsoid diagram for 1 with complete numbering scheme. Thermal ellipsoids
are displayed at the probability level. The hydrogen atoms are shown as circles for clarity. The
model is on a special position; only the asymmetric unit is labeled.
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Table 4.6. Crystal data and structure refinement for 1.
Identification code

007a-17123

Empirical formula

C16 H20 N2 Ni O2

Formula weight

331.05

Temperature

93(2) K

Wavelength

1.54184 Å

Crystal system

Monoclinic

Space group

P21/n

Unit cell dimensions

a = 14.557(3) Å

a = 90°.

b = 10.2366(5) Å

b = 141.27(4)°.
g = 90°.

Volume

c = 8.2137(14) Å
765.8(4) Å3

Z

2

Density (calculated)
Absorption coefficient

1.436 Mg/m3
1.871 mm-1

F(000)

348

Crystal size

0.200 x 0.200 x 0.200 mm3

Crystal color and habit

Green Plate

Diffractometer

Rigaku Saturn 944+ CCD

Theta range for data collection

5.698 to 66.757°.

Index ranges

-17<=h<=17, -12<=k<=12, -9<=l<=9

Reflections collected

21932

Independent reflections

1361 [R(int) = 0.0690]

Observed reflections (I > 2sigma(I))

1234

Completeness to theta = 66.757°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.75022

Solution method

SHELXT-2014/5 (Sheldrick, 2014)

Refinement method

SHELXL-2014/7 (Sheldrick, 2014)

Data / restraints / parameters
Goodness-of-fit on F2

1361 / 0 / 99

Final R indices [I>2sigma(I)]

R1 = 0.0281, wR2 = 0.0708

R indices (all data)

R1 = 0.0318, wR2 = 0.0733
0.284 and -0.224 e.Å-3

Largest diff. peak and hole

1.048
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Crystallographic Information for 3

Figure 4.41. Thermal ellipsoid diagram for 3 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. The hydrogen atoms are shown as circles for clarity.
The model is on a crystallographic special position; only the asymmetric unit is labeled.
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Table 4.7. Crystal data and structure refinement for 3.
Identification code

007a-18050

Empirical formula

C31 H35 F6 N5 Ni O2 P

Formula weight

713.32

Temperature

93(2) K

Wavelength

1.54184 Å

Crystal system

Monoclinic

Space group

I2/a

Unit cell dimensions

a = 22.4997(12) Å

a = 90°.

b = 8.4913(3) Å

b = 111.646(5)°.
g = 90°.

Volume

c = 17.7726(7) Å
3156.0(3) Å3

Z

4

Density (calculated)
Absorption coefficient

1.501 Mg/m3
2.017 mm-1

F(000)

1476

Crystal size

0.100 x 0.100 x 0.050 mm3

Crystal color and habit

Yellow Plate

Diffractometer

Rigaku Saturn 944+ CCD

Theta range for data collection

4.228 to 66.893°.

Index ranges

-26<=h<=26, -9<=k<=9, -21<=l<=21

Reflections collected

54705

Independent reflections

2801 [R(int) = 0.0908]

Observed reflections (I > 2sigma(I))

2231

Completeness to theta = 66.893°

99.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.71733

Solution method

SHELXT-2014/5 (Sheldrick, 2014)

Refinement method

SHELXL-2014/7 (Sheldrick, 2014)

Data / restraints / parameters
Goodness-of-fit on F2

2801 / 0 / 214

Final R indices [I>2sigma(I)]

R1 = 0.0526, wR2 = 0.1320

R indices (all data)

R1 = 0.0692, wR2 = 0.1434
0.487 and -0.512 e.Å-3

Largest diff. peak and hole

1.071

148

Crystallographic information for 5:
The proton on O1 was found in the difference map and freely refined.

Figure 4.42. Thermal ellipsoid diagram for 5 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. The hydrogen atoms are shown as circles for clarity. The
model is on a crystallographic special position; only the asymmetric unit is labeled.
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Table 4.8. Crystal data and structure refinement for 5.
Identification code

spider-16039

Empirical formula

C20 H28 N2 Ni O6

Formula weight

451.15

Temperature

93(2) K

Wavelength

0.71075 Å

Crystal system

Monoclinic

Space group

P21/n

Unit cell dimensions

a = 8.3939(4) Å

a = 90°.

b = 14.9329(8) Å

b = 108.791(8)°.
g = 90°.

Volume

c = 8.7611(6) Å
1039.63(11) Å3

Z

2

Density (calculated)
Absorption coefficient

1.441 Mg/m3
0.972 mm-1

F(000)

476

Crystal size

0.200 x 0.200 x 0.050 mm3

Crystal color and habit

green plate

Diffractometer
Theta range for data collection

3.226 to 25.008°.

Index ranges

-9<=h<=9, -17<=k<=17, -10<=l<=10

Reflections collected

20757

Independent reflections

1829 [R(int) = 0.0888]

Observed reflections (I > 2sigma(I))

1536

Completeness to theta = 25.008°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.000 and 0.778

Solution method

?

Refinement method

SHELXL-2014/7 (Sheldrick, 2014)

Data / restraints / parameters
Goodness-of-fit on F2

1829 / 0 / 140

Final R indices [I>2sigma(I)]

R1 = 0.0418, wR2 = 0.0800

R indices (all data)

R1 = 0.0538, wR2 = 0.0846
0.303 and -0.335 e.Å-3

Largest diff. peak and hole

1.046
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Chapter 5. Concerted proton-electron transfer by a high-valent
copper(III) complex and comparisons with an isostructural
nickel(III) complex
5.1

Introduction
Oxidative transformations mediated by copper have been the topic of considerable study

to solve problems in both organic and inorganic chemistry. Copper an attractive choice for
designing catalysts or stoichiometric oxidants for oxidative transformations due to its low cost,
versatile range of oxidation states, and well-studied biomimetic reactivity with molecular oxygen.
Copper in the 3+ oxidation state is a proposed intermediate in several of these transformations,1-2
but Cu(III) species are rarely isolated due to their reactive nature. Understanding the electronics
of these species and probing their reactivity may provide further insight into the role of Cu(III) in
oxidative transformations.
A common step in oxidative transformations, proton-coupled electron transfer (PCET) is
proposed in catalytic alcohol oxidation by Cu/TEMPO3-5 and sp3-fluorination by a copper(III)
compound.6 Furthermore, PCET is hypothesized to play a role in several mechanisms of catalytic
water oxidation by copper compounds, including our own previously reported Cu(pyalk)2 (1).7 It is
therefore important to understand not only the thermodynamics of PCET, but also the mechanism
and degree of coupling between the proton and electron in these systems. PCET can occur through
the stepwise pathways of proton transfer followed by electron transfer (PT-ET) or electron transfer
followed by proton transfer (ET-PT). Alternatively, the proton and electron can be transferred
simultaneously in a process known as concerted proton-electron transfer (CPET), also known as
hydrogen atom transfer (HAT). Reactions that occur through concerted mechanisms generally
avoid the formation of the high-energy intermediates generated by stepwise mechanisms.
Recently, computational and experimental evidence has suggested that CPET can occur through
“asynchronous” pathways, in which proton and electron transfer are neither entirely separated nor
entirely concerted.8-10 In an asynchronous pathway, the transition state displays more proton
transfer- or electron transfer-like character than that of a purely concerted transition. It has also
been proposed that asynchronous pathways may have lower activation energies than synchronous
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ones. With mechanism having such a strong effect on reaction energetics, the mechanism by which
PCET occurs is relevant for understanding oxidative reactivity by high-valent metal species.
A number of Cu(III) species have been explored for their PCET reactivity, particularly with
phenols and hydrocarbons.11-14 Several of these studies have examined how variations of the
ligand backbone affect rates of PCET15 and the mechanism through which the proton and electron
are transferred.10, 12 Fewer studies, however, have examined the effects of systematically altering
the metal center in isostructural compounds.13 This approach may be advantageous in some
circumstances, as altering the metal center in such compounds can have relatively large effects on
reduction potential, which modulates bond dissociation enthalpy (BDE) and bond dissociation free
energy (BDFE). As BD(F)E has been found to play a major role in PCET reactivity of high-valent
metal compounds, we hypothesized that we could tune the rate of PCET by square planar highvalent metal-pyalk compounds by modifying the identity of the metal center. As we had previously
observed fast CPET with hydrocarbons and phenols by the high-valent Ni(III) compound,
Ni(pyalk)2+ (Scheme 5.1),16 as discussed in Chapter 4, we hypothesized that by changing the metal
center from nickel to copper, we might achieve even faster rates of PCET.
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Scheme 5.1. Metal pyalk compounds discussed in this work in their reduced and oxidized states.
2 is reported in this work, while 1, 3, and 4 were reported by us in previous publications.7, 16
In this work, we identify a Cu(III) species supported by the pyalk ligand, related to the
water-oxidation electrocatalyst (1), that is capable of PCET with phenol and hydrocarbon
substrates. Like Ni(pyalk)2+ (4), it reacts through a concerted mechanism, with reduction of the
metal center and protonation of the ligand oxygen. Cu(pyalk)2+ (2) was found to react 4-5 times
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more quickly than its nickel counterpart, and the BDE of the relevant O-H bond formed was ~4
kcal/mol larger than for the nickel species. We examine the role of asynchronicity in CPET by both
Ni(pyalk)2+ and Cu(pyalk)2+ and find that the nickel species undergoes more asynchronous
concerted-proton electron transfer than the copper species. To the best of our knowledge, this work
is the first result to demonstrate a change in synchronicity of PCET by changing the metal center
of a molecule. Furthermore, this work may help explain previously published results demonstrating
similar rates of PCET reactivity between high-valent copper and nickel compounds.13

5.2

Characterization of Cu(pyalk)2+ (2)
Based on our previous work with Ni(pyalk)2+ and the presentation of a reversible Cu(II/III)

couple in the cyclic voltammogram of Cu(pyalk)2 (1), we reasoned that it would be feasible to
prepare

the

Cu(III)

species

Cu(pyalk)2+

(2).

Using

tris(4-bromophenyl)ammoniumyl

hexachloroantimonate or 1,1’-diacetylferrocenium tetrafluoroborate as oxidants in CH2Cl2 proved
successful (Scheme 5.2). Upon addition of oxidant, the light purple solution of Cu(pyalk)2
immediately turned bright yellow, and corresponding UV-Visible data showed the appearance of
an intense absorption feature at 420 nm (ε = 1100 M-1 cm-1, Figure 5.6), which was attributed to
the oxidized compound 2. High-resolution electrospray ionization mass spectrometry data
confirmed the molecular formula of 2. The mass spectrum of 2 gave an m/z = 335.08, consistent
with the expected elemental formula for the one-electron oxidized species (Figure 5.7).
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Scheme 5.2. Preparation of 2 by oxidation of 1 with tris(4-bromophenyl)ammoniumyl
hexachloroantimonate at -40 °C in CH2Cl2.
2 proved to be thermally unstable at room temperature in CH2Cl2, as evidenced by the reappearance of the characteristic peak at 735 nm of tris(4-bromophenyl)ammoniumyl
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hexachloroantimonate in the UV-Visible spectrum after 5 minutes (Figure 5.8). At -40 °C, however,
2 was produced in quantitative yield and was stable in solution for over an hour (Figure 5.9).
One important concern in identifying highly oxidized species is oxidation of the ligand rather
than the metal center. As demonstrated for a variety of iridium and nickel compounds, X-ray
photoelectron spectroscopy (XPS) can be a useful tool for demonstrating oxidation of the metal
center.17-18 For a one-electron metal centered oxidation with no change in ligand set, a ~1 eV shift
in the metal 2p3/2 binding energy is expected. Between Cu(pyalk)2 and Cu(pyalk)2+ a 1.07 eV
increase in binding energy was indeed observed for the Cu 2p3/2 peak (Figure 5.1), supporting the
assignment of 2 as a Cu(III) species.

Cu 2p3/2
935.12

Cu(II)

Counts (au)

400

Cu(III)

300

934.05
200
100
950

945

940

935

930

Binding energy (eV)

Figure 5.1. XPS spectrum of 1 (purple) and 2 (brown). The 1.07 eV increase in binding energy is
attributed to oxidation of the copper metal center in 2.
2 was also characterized by X-ray crystallography (Figure 5.2). Crystals were obtained
from a 1:1 mixture of CH2Cl2 and fluorobenzene layered with pentanes at -20 °C under air- and
water-free conditions. The X-ray crystal structure of 2 shows copper coordinated in a square planar
environment with the pyalk ligand alkoxides mutually trans. An SbCl6 counteranion is also present
in the structure.
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Figure 5.2. X-ray crystal structure of 2. Atoms are displayed at the 50% probability level.

Compared to 1, the Cu-O bond distances in 2 are shortened symmetrically by ~0.07 Å
(Table 5.1). This value is similar to the Cu-O bond shortening observed by others from EXAFS and
resonance Raman measurements between Cu(II) and Cu(III) species.13, 19 Further comparison of
the Cu-O bond lengths in 2 and the Cu-O bond lengths in Cu(pyalkH)22+ (1H2) confirms that the
pyalk ligand of 2 is not protonated—in the square planar 1H2, Cu-OH bond lengths are ~1.96 Å,
significantly longer than those observed in 1 or 2.

Table 5.1. Relevant bond lengths and angles from the X-ray crystal structures of 1, 1H2, and 2.
Cu-O (Å)
Cu-N (Å)
O-C (Å)
∠O-Cu-N (°)

Cu(pyalk)2+ (2)
1.814(4)
1.869(5)
1.424(7)
86.19(2)

Cu(pyalk)2 (1)
1.8806(13)
1.9714(4)
1.402(2)
83.97(6)

Cu(pyalkH)22+ (1H2)
1.9589(16)
1.965(2)
1.449(3)
81.41(8)

The Cu-N distances between 1 and 2 are also symmetrically shortened by ~0.1 Å. No other
bond lengths appear to be shortened between 1 and 2. Furthermore, no contraction of the C-N and
C-O bond lengths are observed in 2 compared to 1. This contraction of only the copper coordination
sphere and no other bonds further supports assignment that 2 is a Cu(III) species rather than a
Cu(II) species with a ligand-centered radical.
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Coordination compounds of copper(III), particularly those without metal-carbon bonds, are
relatively rare but are not completely unknown. When prepared, the oxidation states of these
compounds are generally characterized by X-ray absorption spectroscopy (XAS) or extended Xray absorption fine structure (EXAFS). Cu(III) coordination compounds characterized by X-ray
crystallography remain particularly rare. Of the published structures of non-organometallic copper
in the 3+ oxidation state, almost all utilize anionic tetradentate scaffolds to enforce square planar
geometry and prevent ligand loss in solution.20-25 This strategy has led to several well-characterized
crystal structures of copper(III) compounds; however, these compounds and their copper(II)
counterparts are often poor targets for oxidative catalysis due to their rigid structures. Additionally,
these ligands can be so electron rich that they over-stabilize the compounds, inhibiting reactivity.26
2, on the other hand, features two bidentate ligands, allowing for some ligand flexibility, and 1 has
been shown to act as a water-oxidation electrocatalyst under basic conditions, with 2, in its cis
orientation, as a plausible first intermediate in the catalytic cycle.7, 27
In summary, we have prepared and characterized a highly oxidized, formally Cu(III)
species that has been characterized by a variety of methods, including X-ray crystallography. 2 is
one of a very small number of monomeric Cu(III) compounds characterized crystallographically. To
the best of our knowledge, this structure is the first non-organometallic copper(III) compound
without a tetradentate ligand scaffold to be characterized crystallographically.

5.3

CPET Reactivity of 2
With a

more complete understanding of the electronic structure of 2, we turned to

examining its activity for PCET. Having recently observed such activity with the related high-valent
nickel

complex

Ni(pyalk)2+,

we

suspected

that

Cu(pyalk)2+

should

react

similarly.

2,6-di-tert-butylphenol was chosen as a model substrate, as it is commonly used to assay CPET
reactivity with high-valent metal substrates. It was expected that the Cu(III) center of 2 would be
reduced, with the pyalk ligand accepting a proton, analogous to the reactivity of Ni(pyalk)2+. A
proposed scheme for the reaction of 2 with 2,6-di-tert-butylphenol is shown below in Scheme 5.3.
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Scheme 5.3. Proposed PCET pathway for oxidation of phenols by Cu(pyalk)2+.
Reactions of 2 with all PCET substrates were monitored with UV-Visible spectroscopy
at -40 °C, and all reactions were performed under pseudo-first order conditions (10-100 equivalents
of substrate). All reactions were fit to a single exponential decay at a single wavelength (λ = 430
nm) to produce kobs values. Plots of kobs vs. substrate concentration gave linear fits for all substrates.
The slopes of these fits were used to determine vaues for the second-order rate constant, k, each
substrate.
When 2,6-di-tert-butylphenol was added to a solution of 2 in CH2Cl2 at -40 °C, the
absorbance at λ = 430 nm was observed to quickly decay (Figure 5.3A-B). Based on plots of kobs
vs. phenol concentration, a second-order rate constant, k, of 12.78 M-1 s-1 was determined (Figure
5.3C). Based on the relatively low bond dissociation enthalpies of di-tert-butylphenol substrates
and the formation of small amounts of phenol dimers upon oxidation that absorb at the same
wavelength as 2,28 other phenol substrates were not tested for PCET reactivity.
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Figure 5.3. A) Representative UV-Visible spectra as a function of time for the reaction of 2 with
2,6-di-tert-butylphenol. B) Typical plot of absorbance at 430 nm vs. time for the reaction of 2 with
2,6-di-tert-butylphenol. The red line is the computed fit to a first-order decay. C) Plot of kobs vs.
substrate concentration for the reaction of 2 with 2,6-di-tert-butylphenol. The slope of the line of
best fit (black line) corresponds to the second-order rate constant, k.
To further probe PCET reactivity, 2 was treated with hydrocarbon substrates, which have
a wide range of bond dissociation enthalpies (BDE). To demonstrate this reactivity, 2 was first
reacted with 9,10-dihydroanthracene (DHA). 1H NMR analysis of the product of this reaction
showed the expected product of anthracene in 94% yield (Figure 5.12). Next, to determine the
extent of the PCET reactivity of 2, a number of hydrocarbons with varying bond strengths were
tested.
As expected, 2 reacted with hydrocarbon substrates over a wide range of bond dissociation
enthalpies, from 77-92 kcal/mol (Figure 5.13 - Figure 5.22). Much as in the nickel case, we
observed a strong linear correlation between log(k) and the substrate BDE (Figure 5.4). Such a
linear correlation is strongly suggestive of a CPET mechanism.
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Figure 5.4. Plot of log(k) vs. hydrocarbon substrate bond dissociation enthalpy. This linear
correlation is suggestive of a CPET mechanism.
To further investigate the mechanism of PCET, we probed for the presence of an H/D
kinetic isotope effect for the reaction of 2 with 9,10-dihydroanthracene and 9,10dihydroanthracene-d4. If the reaction were to proceed through rate-limiting electron transfer
followed by proton transfer (ET-PT) or pre-equilibrium proton transfer followed by rate-limiting
electron transfer, no kinetic isotope effect or a very small equilibrium isotope effect would be
observed. For the reaction of 2 with 9,10-dihydroanthracene and 9,10-dihydroanthracene-d4, a
kinetic isotope effect of 8.6 was observed (Figure 5.25). This result is inconsistent with a
rate-limiting ET mechanism, but is quite consistent with other high-valent oxidants that undergo
CPET, including our previously reported nickel system. Plots of log(k) vs. substrate pKa or E1/2 also
yielded very poor correlations, further disfavoring stepwise mechanisms (Figure 5.23, Figure
5.24).

5.4

Thermodynamic Analysis
Based on the UV-Visible spectrum of the reaction products, it was clear that the copper

center of 2 was reduced during CPET. We suspected that protonation was occurring at the pyalk
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ligand. However, the mono-protonated product, Cu(pyalk)(pyalkH)+ (1H) was never isolated.
Instead, UV-Visible spectroscopy and X-ray crystallography results indicated the presence of a
mixture of Cu(pyalk)2 and [Cu(pyalkH)2Cl]+ (1 and 1H2Cl) as the reaction products (Figure 5.26).
These results suggest that, in the Cu(II) state, the pyalkH proton is labile enough to rearrange,
resulting in an equilibrium that favors the fully deprotonated and fully protonated products. The
chloride found in the protonated species was presumably abstracted from either the solvent (DCM)
or the SbCl6 anion. This result is analogous to what was observed for the CPET reaction of
Ni(pyalk)2+.
With a more thorough understanding of the products of the reaction, we constructed a
“square scheme” (Figure 5.5) to further understand the thermodynamics of the CPET reaction.

pKa,2
+H+

[Cu3+L2]
E01

-e-

Cu2+(L)2

-H

BDE

+H+

[Cu3+(LH)(L)]
-e-

2+

E02

[Cu2+(LH)(L)]+

pKa,1
Figure 5.5. Thermochemical square scheme for stepwise vs. CPET for the copper compounds
described in this work (L = pyalk).

The E1/2 of 1 in MeCN was measured to be 0.45 V vs. Fc/Fc+ by cyclic voltammetry (Figure
5.27). The pKa of 1 was determined by UV-Visible spectroscopy from the titration of 1 with acid.
The presence of isosbestic points in the UV-Visible spectrum indicate a clean first protonation event
in MeCN. Based on these results, we estimate the pKa for the first protonation of 1 to be ~21 (Figure
5.28, Figure 5.29), slightly more acidic than the reported pKa of ~25 for the analogous Ni(pyalk)2,
which is consistent with the higher E1/2 of Cu(pyalk)2 compared to Ni(pyalk)2. Using these values,
we were able to determine the BDE and BDFE for the O-H bond of the bound pyalk ligand, the
bond formed during the CPET reaction (Equation 5.1 and Equation 5.2). The BDE of the O-H
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bond formed in this reaction was found to be a substantial ~98 ± 2 kcal/mol, and the BDFE was
found to be ~94 kcal/mol based on Equations 5.1 and 5.2 below. For MeCN, CG = 54.9 kcal/mol
and CH = 59.4 kcal/mol.29
BDFE = 1.37pKa + 23.06Eo + CG,sol

(Equation 5.1)

BDE = 1.37pKa + 23.06Eo + CH,sol

(Equation 5.2)

Upon the addition of one equivalent of acid in MeCN, the E1/2 of 1 was found to shift to
more oxidizing potentials (Figure 5.27), with E1/2 = ~0.7 V vs. Fc/Fc+. Using the BDE equation and
square scheme shown in Figure 5.5, we were able to calculate a pKa for 2H of 17, 4 pKa units lower
than that of 1.
Table 5.2. Thermodynamic and kinetic parameters of high-valent metal compounds capable of

performing CPET with hydrocarbon substrates.
Compound
E01 (V vs.
Fc/Fc+)
[CuIII(pyalk)2]+ (2)
0.45
[NiIII(pyalk)2]+ (4)
0.15
CuIII(iPrpyN2)(OAc)d
0.17
NiIII(MepyN2)(ONO2)e
0.43
[FeIII(PY5)(OCH3)]2+ f
0.73
CuIII(iPrpyN2)(OH)d
-0.074
RuIV(bpy)2(py)(O)g
0.48h

BDE
(kcal/mol)
98
94
84
90
84

log(k) DHAa,b

Ref

1.06c
0.74
0.39
0.91
-2.25
2.27
2.09

This work
16
13
30
31
11
32-34

a

k = second-order rate constant for reaction with the designated substrate, measured at 25 °C unless
otherwise noted; b DHA = 9,10-dihydroanthracene; c as this value could not be determined experimentally
due to temperature instability at 25 °C, it was estimated based on activation parameters; d iPrpyN2 = N, N′bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide; e MepyN2 = N,N′-(2,6-dimethylphenyl)2,6-pyridinedicarboxamide; f PY5 = 2,6-bis(bis(2-pyridyl)methoxymethane)pyridine; g bpy = 2,2’-bipyridine;
py = pyridine; h vs. SCE.

While these bond strength values appear to be fairly high compared to other reported highvalent metals for CPET, they are not particularly surprising: as has been noted for other high-valent
CPET systems, BD(F)E is affected most by the E1/2 of the complex, and 2 has a relatively high E1/2
compared to other reported systems (Table 5.2). Possibly as a result of its high BD(F)E, the rate
of reaction of 2 with dihydroanthracene at 25 °C (estimated based on activation energy parameters)
compares quite well to the reported rates of other high-valent metal CPET systems.

5.5

Comparison to Ni(pyalk)2+ (4)
To better compare the CPET reactivity of 2 with our previously reported Ni(III) compound

Ni(pyalk)2+ (4), the rate constant, k, was measured at -40 °C for the reaction of 4 with substrates

165

2,6-di-tert-butylphenol and 9,10-dihydroanthracene in CH2Cl2. For these substrates, k was found
to be 4-5 times smaller for 4 than 2 (Table 5.2). This result is consistent with other reports of rate
differences between analogous high-valent copper and nickel compounds that undergo CPET
reactivity.13
Next, the rates of the reaction of 2 and 4 with 9,10-dihydroanthracene were measured at a
variety of temperatures in order to determine apparent activation energy parameters via the
construction of Eyring plots. 2 was found to have a ΔH‡ of 5.7 kcal/mol and a ΔS‡ of -35 cal/mol. 4
was found to have ΔH‡ of 4.8 kcal/mol and ΔS‡ of -40 cal/mol. Both have relatively negative ΔS‡
values, indicating a well-ordered transition state, and their ΔH‡ values are quite similar, indicating
little difference in activation enthalpies. The same activation energy parameters were determined
for the reaction of 2 and 4 with 2,6-di-tert-butylphenol, which gave similar results (Figure 5.47 and
Figure 5.52).

Table 5.3. Comparison of rate constant (k) values, activation energy parameters, and bond
strengths for 2 and 4
Cu(pyalk)2+
Ni(pyalk)2+
2,6-di-tert-butylphenol rate constant k (M-1 s-1)a

12.78

2.56

9,10-dihydroanthracene (DHA) rate constant k
(M-1. s-1)a
ΔH‡DHA (kcal/mol)

0.25

0.055

5.7 ± 0.4

4.8 ± 0.1

-35 ± 2

-40 ± 1

98

94

ΔS‡ DHA(cal/mol T)
BDE (kcal/mol)
a

measured at -40 °C in CH2Cl2
While the relatively small difference in CPET rates between Ni(III) and Cu(III) species has

been previously reported, it was still puzzling to us why complexes with a relatively large difference
in BDEs should react with CPET substrates at such similar rates. To examine the potential cause
of this phenomenon, we investigated the asynchronicity factor for the reactions of both 2 and 4 with
CPET substrates. “Asynchronicity” in a CPET mechanism refers to the transition state for the
reaction having more PT-like character in the transition state (referred to as “basic asynchronous”)
or more ET-like character (referred to as “oxidatively asynchronous”). Given the large disparity
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between the strongly basic pKa of 4 and its rather mild E1/2, we hypothesized that the reaction of 4
with CPET substrates might proceed along a more asynchronous pathway than that of 2. To that
end, we calculated the “asynchronicity factor” (η) for each molecule based on the following equation
(Equation 5.3):8
η = 2>&/3 (ΔE°’ −

#$
%

ln(10) × Δp𝐾,,@AB )

(Equation 5.3)

where ΔE°’ is the difference between reduction potential of the protonated metal complex (Eo2 in
Figure 5.5) and substrate, and ΔpKa,red is the difference in pKa values between the non-protonated
metal complex (pKa,1 in Figure 5.5) and the substrate.
Based on the data presented in Table 5.3, an asynchronicity factor of -286 mV was
calculated for the reaction of 4 with 2,6-di-tert-butylphenol, while a factor of -592 mV was calculated
for 2 with the same substrate, indicating a more asynchronous mechanism in the nickel case. Work
from Srnec and coworkers suggest that asynchronicity in CPET may affect the driving force for the
reaction: higher degrees of asynchronicity lead to lower ΔG‡ values.8 Therefore, these results
suggest while 2 has a higher BD(F)E than 4 and therefore should react with CPET substrates much
more rapidly, 2 has a higher degree of asynchronicity in its reaction mechanism, so 2 reacts faster than
would be expected based on BD(F)E alone.

5.6

Conclusions
We have isolated and characterized a copper(III) species, [Cu(pyalk)2]+. This compound was

characterized by X-ray crystallography and X-ray photoelectron spectroscopy, which confirmed
oxidation of the metal center. 2 proves to be a rare example of a copper(III) species characterized
crystallographically.
2 was shown to undergo fast proton-coupled electron transfer with a variety of hydrocarbon
and phenol substrates with BDEs ranging from 77-92 kcal/mol. Analysis of the kinetics of the
reaction of 2 with hydrocarbon substrates suggests that 2 reacts through a concerted protonelectron transfer pathway. 2 proves to be one of the few first-row transition metal complexes to
undergo PCET. Thermodynamic analysis using the E1/2 of 2 and ligand pKa result in a BDE of ~98
kcal/mol for the pyalk O-H bond formed during PCET, which may explain its fast reactivity.
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2 was further compared to its nickel(III) analogue. A comparison of rates showed that 2
reacted only 4-5 more quickly than 4 with the same substrate, despite having a higher BDE by ~4
kcal/mol. Analysis of activation energy barriers did not show significant differences between the
two complexes. The asynchronicity factor for the reaction of both complexes with 9,10dihydroanthracene and 2,6-di-tert-butylphenol was calculated. The results suggested that 4 may
undergo more oxidatively asynchronous CPET compared to 2, which may result in a lower barrier
than would be expected for a purely concerted process.
The observation that high-valent copper and nickel compounds react at similar rates for
CPET reactions has been previously noted, but the reasons for such reactivity could not be
explained due to lack of pKa data. This work demonstrates that modulation of the metal center may
result in difference in the asynchronicity of CPET between different complexes, further modulating
their reactivity.
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5.7

Experimental Procedures

5.7.1 General
General Considerations: Reagents were purchased from Sigma-Aldrich or Alfa Aesar and used
as received unless otherwise specified. Experiments were performed in an N2-filled M Braun glove
box or using standard Schlenk technique unless otherwise specified. Cu(pyalk)2, Ni(pyalk)2+,
1,1’-diacetylferrocenium tetrafluoroborate, and dihydroanthracene-d4 were prepared according to
literature procedures.7, 16, 31, 35

5.7.2 Physical Methods
UV-Visible Spectroscopy: Absorption spectra were collected using a Cary 50 spectrophotometer.

1

H NMR: 1H NMR spectra were recorded on an Agilent DD2 400 MHz spectrometer and 1H

chemical shifts were referenced to residual solvent.

Mass spectrometry: High resolution mass spectrometry was done on a QExactive Orbitrap FTMS.

X-ray Photoelectron Spectroscopy: The XPS spectra were collected using a monochromatic
1486.7 eV Al KαXray source on PHI VersaProbe II X-ray Photoelectron Spectrometer with a 0.47
eV system resolution. The energy scale has been calibrated using Cu 2p3/2 (932.67eV) and Au 4f7/2
(84.00 eV) peaks on a clean copper plate and a clean gold foil. The samples were prepared by
drop casting a concentrated solution of Cu(pyalk)2 or Cu(pyalk)2+ in dry CH2Cl2 onto a Si wafer.
The reported shifts were referenced using the Si 2p peak (99.3 eV) from the Si wafer.

Electrochemical measurements: Electrochemical measurements were performed on a Pine
AFCBP1 bipotentiostat using a standard three-electrode configuration. A boron-doped diamond
working electrode and a platinum counter-electrode were used. A silver wire was used as a pseudo-
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reference, and the potential was referenced using a ferrocene internal standard. Spectra were
taking in dry MeCN with 0.1 M tetrabutylammonium hexafluorophosphate used as electrolyte.

Kinetics for CPET reactions with 2: UV-Visible kinetics data were collected on an Agilent 8453
diode array spectrophotometer. Temperature was controlled using a Unisoku CoolSpeK cryostat.
In a typical experiment, 2 mL of a 0.5 mM solution of Cu(pyalk)2 was added to a sealable quartz
cuvette equipped with a stir bar and septum in an N2-filled glove box. A 2 mM solution of
tris(4-bromophenyl)ammoniumyl hexachloroantimonate in CH2Cl2 was also prepared, and 0.5 mL
of this solution was loaded into a syringe. Finally, a solution of hydrocarbon substrate in CH2Cl2
was prepared at the desired concentration, and 0.5 mL of this solution was loaded into a syringe.
The cuvette and syringes were removed from the glove box, and the cuvette cooled to -40 °C in
the cryostat (ca 5 minutes). The tris(4-bromophenyl)ammoniumyl hexachloroantimonate solution
was then injected via syringe, and the first UV-Visible spectra were taken. Once the absorbance at
420 nm had stabilized for 2-3 minutes, the substrate solution was injected via syringe. Spectra were
generally taken every 0.5 seconds for the first six minutes, with subsequent traces recorded after
a 5% delay time if applicable. The solution volume at the end of each experiment was 3.0 mL; this
value was used to calculate substrate concentration for plots of observed rate vs. substrate
concentration.

Kinetics for reaction of 4 with 2,6-di-tert-butylphenol: UV-Visible kinetics data were collected
on an Agilent 8453 diode array spectrophotometer. Temperature was controlled using a Unisoku
CoolSpeK cryostat. In a typical experiment, 2 mL of a 0.5 mM solution of Ni(pyalk)2+ was added to
a sealable quartz cuvette equipped with a stir bar and septum in an N2-filled glove box. A solution
of the substrate at the desired concentration in CH2Cl2 was prepared and loaded into a syringe.
The cuvette and syringes were removed from the glove box, and the cuvette cooled to -40 °C in
the cryostat (ca 5 minutes). The first UV-Visible spectrum was taken, and then the substrate was
quickly injected via syringe. Spectra were taken every 0.5 seconds for the first six minutes, with
subsequent traces recorded after a 5% delay time if applicable. The solution volume at the end of
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each experiment was 3.0 mL; this value was used to calculate substrate concentration for plots of
observed rate vs. substrate concentration.

Kinetics for reaction of 4 with 9,10-dihydroanthracene (DHA): Variable-temperature stoppedflow measurements for the reaction between 4 and 9,10-dihydroanthracene were performed using
a TgK Scientific HI-TECH SCIENTIFIC CryoStopped-Flow (SF-61DX2) apparatus equipped with a
diode array detector. In a typical experiment, a solution of 4 in CH2Cl2 was prepared under N2
atmosphere in a glove box and loaded into a syringe. A separate syringe of 9,10-dihydroanthracene
in CH2Cl2 was also prepared under the same conditions. The stopped-flow apparatus was allowed
to cool to the desired temperature for 5 minutes, and then equal volumes of the solutions were
mixed. Observed rate constants from all stopped-flow analyses were derived using SPECFIT/32
software.

pKa measurement of 1: Titrations to determine the pKa of 1 were monitored by UV-Visible
spectroscopy on a Cary 50 spectrophotometer. The pKa of 1 was determined by addition of 1 M
acetic acid to generate 1H. The pKa was determined from a plot of [pyalkH][OAc-]/[1] vs. acetic acid
concentration as described in reference

36

. The titration was performed 3 times, and the final pKa

was found by averaging the pKa found in each titration.

5.7.3 Synthetic Procedures:
Synthesis of Cu(pyalk)2+ (2), In a Schlenk flask under inert atmosphere, 0.01 g (30 μmol) of
Cu(pyalk)2 was dissolved in dry CH2Cl2. The flask was cooled to -20 °C in an ice-salt bath. In
separate flask, 0.027 g (33 μmol, 1.1 eq) of tris(4-bromophenyl)ammoniumyl hexachloroantimonate
(“magic blue”) was dissolved in enough CH2Cl2 to completely dissolve the powder (approx. 10 mL).
This solution was also cooled to -40 °C, and then the Magic Blue solution was transferred to the
Cu(pyalk)2 solution via syringe. The resulting yellow solution was triturated with 20 mL pentanes to
afford a yellow powder. The supernatant was removed the product dried under vacuum. Yield:
0.016 g (80%). HRMS: 335.08 (M+)
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Crystals were grown from a 1:1 mixture of CH2Cl2 and fluorobenzene layered with pentanes
stored at -20 °C in the glove box. UV-Visible λmax, nm (ε, M-1 cm-1): 420 (1100)

Preparation of Cu(pyalkH)22+ (1H2): In a round-bottom flask equipped with stir bar, 0.10 g (0.29
mmol) Cu(BF4)26H2O was dissolved in a 1:1 mixture of CH3OH/CH3CN. To this solution, 0.085 g
(0.61 mmol, 2.1 eq) pyalkH was added, causing an immediate color change to dark blue. This
solution was allowed to stir under air atmosphere for one hour, and then was dried via rotary
evaporation. The resulting blue solid was redissolved in CH3CN and placed in the freezer. Dark
blue crystals were obtained after 24 hours. Yield: 0.091 g (62%)

Stoichiometric conversion of 9,10-dihydroanthracene to anthracene: In a Schlenk flask under inert
atmosphere, 0.05 g (0.15 mmol) of Cu(pyalk)2 was dissolved in dry CH2Cl2. The flask was cooled
to -78 °C in a dry ice/acetone bath. In separate flask, 0.13 g (0.16 mmol, 1.1 eq) of tris(4bromophenyl)ammoniumyl hexachloroantimonate (“magic blue”) was dissolved in enough CH2Cl2
to completely dissolve the powder (approx. 15 mL). This solution was also cooled to -78 °C, and
then the magic blue solution was transferred to the Cu(pyalk)2 solution via syringe. In a separate
20 mL flask, 0.027 g 9,10-dihydroanthracene (0.15 mmol, 1 eq) was dissolved in 5 mL of dry CH2Cl2
and cooled to -78 °C, then transferred to the Cu(pyalk)2+ solution via syringe. This reaction mixture
was stirred overnight at -78 °C, during which time the solution changed from bright yellow to light
blue. The solution was then opened to atmosphere and run over a plug of silica to remove the
reduced copper species. The resulting clear solution was then brought to dryness by rotary
evaporation and redissolved in CDCl3 for 1H NMR analysis.

Isolation of copper-containing products from reaction of 2 with 9,10-dihydroanthracene: A 1 mM
solution of Cu(pyalk)2+ in CH2Cl2 was prepared at -78 °C under inert atmosphere. A 0.1 M solution
of 9,10-dihydroanthracene in CH2Cl2 was prepared separately at the same temperature. The
dihydroanthracene solution was then added to the solution of Cu(pyalk)2+ via syringe. The reaction
was allowed to proceed to completion over the course of several hours. The solution was then
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concentrated in vacuo, layered with pentanes, and stored in the freezer. After 24 hours, blue-green
(1H2Cl) and purple (1) crystals were observed.

5.8

Supplementary Figures

5.8.1 Characterization data

Figure 5.6. UV-Visible spectrum of 1 and 2 in CH2Cl2.
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Figure 5.7. High resolution mass spectrum of 2 (top) and calculated spectrum (bottom).
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Figure 5.8. UV-Visible spectra of the reaction of 1 with tris(4-bromophenyl)ammoniumyl
hexachloroantimonate to form 2 at 25 °C in CH2Cl2 over several minutes, demonstrating the
instability of 2 with time at this temperature.

Figure 5.9. Plot of the absorbance at 420 nm vs. time for the reaction of 1 with
tris(4-bromophenyl)ammoniumyl hexachloroantimonate to form 2 at -40 °C in CH2Cl2 over the
course of 1.5 hours. One trace was taken every 30 seconds. At this temperature, no decay of 2 is
observed over this time period, which was the maximum timeframe used for reactions with
hydrocarbon substrate.
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5.8.2 PCET Oxidation by 2

Figure 5.10. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
2,6-di-tert-butylphenol at -40 °C.

Figure 5.11. Plot of kobs vs. concentration for the reaction of 2 with 2,6-di-tert-butylphenol at
-40 °C.
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Figure 5.12.1H NMR spectrum of reaction of 2 with 2 equivalents 9,10-dihydroanthracene at -78
°C. Based on integration, the yield of anthracene was determined to be 94%.

Figure 5.13. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
9,10-dihydroanthracene at -40 °C.
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Figure 5.14. Plot of kobs vs. concentration for the reaction of 2 with 9,10-dihydroanthracene
at -40 °C.

Figure 5.15. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
1,4-cyclohexadiene at -40 °C.
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Figure 5.16. Plot of kobs vs. concentration for the reaction of 2 with 1,4-cyclohexadiene.

Figure 5.17. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
fluorene at -40 °C.
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Figure 5.18. Plot of kobs vs. concentration for the reaction of 2 with fluorene at -40 °C.

Figure 5.19. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
diphenylmethane at -40 °C.
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Figure 5.20. Plot of kobs vs. concentration for the reaction of 2 with diphenylmethane at -40 °C.

Figure 5.21. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
tetrahydrofuran (THF) at -40 °C.

180

Figure 5.22. Plot of kobs vs. concentration for the reaction of 2 with tetrahydrofuran (THF) at -40 °C.

Figure 5.23. Plot of log(k) vs. E1/2 data for the reaction of 2 hydrocarbon substrates. For 1,4cyclohexadiene, no E1/2 value was available.
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Figure 5.24. Plot of log(k) vs. pKa for the reaction of 2 with hydrocarbon substrates. For 1,4cyclohexadiene and THF, no pKa values were available.

Table 5.4. Summary of thermodynamic and kinetic parameters in our analysis of the reaction of 2
with hydrocarbon substrates at -40 °C.
Substrate

E°1/2 (V vs Ag/Ag+
in MeCN)37

pKa
(DMSO)38

BDEa
(kcal/mol)29, 34, 39

k (M-1 s-1 in
CH2Cl2)

1,4-cyclohexadiene

-

-

76 ± 1

0.62

9,10dihydroanthracene

1.53

30

78 ± 3

0.25

Fluorene

1.25

23

82 ± 2

0.0796

Diphenylmethane

1.83

32

84.3 ± 1

0.0028

THF

1.61

-

92 ± 1

0.000165

a

All BDEs reported as measured in DMSO. When multiple BDE values were available, values
determined using pKa and E0 data were chosen for the sake of consistency.
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Figure 5.25. Plots of kobs vs, concentration for the reaction of 2 with 9,10-dihydroanthracene (DHAH4) and deuterated 9,10-dihydroanthracene (DHA-D4). The ratio of the slopes of both plots was
used to determine the kinetic isotope of effect of 8.6.

5.8.3 Thermodynamics supporting data

Figure 5.26. UV-Visible spectrum of copper-containing species after the reaction of 2 with 10
equivalents of 9,10-dihydroanthracene. The UV-Visible spectra of 1 and 1H2Cl are shown below
for reference. The post-reaction mixture appears to have both species present in solution.
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Figure 5.27. CVs of 1 and 1H in acetonitrile. Scan rate: 100 mV s-1

Figure 5.28. Representative UV-Visible titration of 1 with acetic acid.
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Figure 5.29. Linearized titration plot for the conversion of 1 to 1H.

5.8.4 Variable Temperature Kinetic Data for Reactions of 2 and 4

Figure 5.30. Representative fit of absorbance at λ = 610 nm vs. time for the reaction of 4 with
2,6-di-tert-butylphenol at -40 °C.
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Figure 5.31. Plot of kobs vs. concentration for the reaction of 4 with 2,6-di-tert-butylphenol at -40 °C.

Figure 5.32. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
9,10-diyhdroanthracene at -60 °C.
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Figure 5.33. Plot of kobs vs. concentration for the reaction of 2 with 9,10-dihydroanthracene at
-60 °C.

Figure 5.34. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with 9,10diyhdroanthracene at -30 °C.
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Figure 5.35. Plot of kobs vs. concentration for the reaction of 2 with 9,10-dihydroanthracene
at -30 °C.

Figure 5.36. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
9,10-diyhdroanthracene at -15 °C.
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Figure 5.37. Plot of kobs vs. concentration for the reaction of 2 with 9,10-dihydroanthracene
at -15 °C.

Figure 5.38. Plot of ln(k/T) vs. 1/T for the reaction of 2 with 9,10-dihydroanthracene. Activation
enthalpy and entropy parameters were extracted from the slope and y-intercept of the fit.
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Figure 5.39. Representative fits of the decay of the absorbance at λ = 610 nm vs. time for the
reaction of 4 with 9,10-diyhdroanthracene at various temperatures, beginning at -40 °C (red trace)
and ending at 30 °C (light blue trace) in 5 °C increments.

Figure 5.40. Plot of ln(k/T) vs. 1/T for the reaction of 4 with 9,10-dihydroanthracene. Activation
enthalpy and entropy parameters were extracted from the slope and y-intercept of the fit.
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Figure 5.41. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
2,6-di-tert-butlyphenol at -30 °C.

Figure 5.42. Plot of kobs vs. concentration for the reaction of 2 with 2,6-di-tert-butlyphenol at -30 °C.
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Figure 5.43. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
2,6-di-tert-butlyphenol at -50 °C.

Figure 5.44. Plot of kobs vs. concentration for the reaction of 2 with 2,6-di-tert-butlyphenol at -50 °C.
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Figure 5.45. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 2 with
2,6-di-tert-butlyphenol at -60 °C.

Figure 5.46. Plot of kobs vs. concentration for the reaction of 2 with 2,6-di-tert-butlyphenol at -60 °C.
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Figure 5.47. Plot of ln(k/T) vs. 1/T for the reaction of 2 with 2,6-di-tert-butylphenol. Activation
enthalpy and entropy parameters were extracted from the slope and y-intercept of the fit.

Figure 5.48. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 4 with
2,6-di-tert-butlyphenol at 0 °C.
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Figure 5.49. Plot of kobs vs. concentration for the reaction of 4 with 2,6-di-tert-butlyphenol at 0 °C.

Figure 5.50. Representative fit of absorbance at λ = 430 nm vs. time for the reaction of 4 with 2,6di-tert-butlyphenol at -20 °C.
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Figure 5.51. Plot of kobs vs. concentration for the reaction of 4 with 2,6-di-tert-butlyphenol at -20 °C.

Figure 5.52. Plot of ln(k/T) vs. 1/T for the reaction of 4 with 2,6-di-tert-butylphenol. Activation
enthalpy and entropy parameters were extracted from the slope and y-intercept of the fit. Kinetic
data for the reaction at 25 °C was taken from reference 16.
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Table 5.5. Data used for asynchronicity factor (η) calculations in Equation 5.3.
Species
Eo’
pKa (MeCN)a
2,6-di-tert-butylphenol
1.08
17.3
Cu(pyalk)2+
0.8
20
Ni(pyalk)2+
0.55
24
a
pKa values in MeCN were converted from values in DMSO (found in reference 29) using the
empirical conversion for phenols found in reference 40.

5.8.5 Crystallographic Details
Experimental
Low-temperature diffraction data (ω-scans) were collected on a Rigaku MicroMax-007HF
diffractometer coupled to a Saturn994+ CCD detector with Cu Kα (λ = 1.54178 Å) for the structure
of 007a-19086. The diffraction images were processed and scaled using Rigaku Oxford Diffraction
software (CrysAlisPro; Rigaku OD: The Woodlands, TX, 2015). The structure was solved with
SHELXT and was refined against F2 on all data by full-matrix least squares with SHELXL (Sheldrick,
G. M. Acta Cryst. 2008, A64, 112–122). All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in the model at geometrically calculated positions and refined using
a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2
times the U value of the atoms to which they are linked (1.5 times for methyl groups).
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Figure 5.53. Thermal ellipsoid diagram for 2 with complete numbering scheme. Thermal ellipsoids
are displayed at the 50% probability level. The hydrogen atoms are shown as circles for clarity.
The model is on a special position; only the asymmetric unit is labeled.
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Table 5.6. Crystal data and structure refinement for 2.
Identification code

007a-19086

Empirical formula

C16 H20 Cl6 Cu N2 O2 Sb

Formula weight

670.33

Temperature

93(2) K

Wavelength

1.54184 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 8.0212(4) Å

a = 109.349(6)°.

b = 9.1161(6) Å

b = 95.043(5)°.
g = 113.527(6)°.

Volume

c = 9.8940(7) Å
605.26(7) Å3

Z

1

Density (calculated)
Absorption coefficient

1.839 Mg/m3
16.161 mm-1

F(000)

328

Crystal size

0.150 x 0.120 x 0.040 mm3

Crystal color and habit

Green Plate

Diffractometer

Rigaku Saturn 944+ CCD

Theta range for data collection

4.899 to 66.600°.

Index ranges

-9<=h<=9, -9<=k<=10, -11<=l<=11

Reflections collected

21716

Independent reflections

2106 [R(int) = 0.1026]

Observed reflections (I > 2sigma(I))

1935

Completeness to theta = 66.600°

98.6 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.32006

Solution method

SHELXT-2014/5 (Sheldrick, 2014)

Refinement method

SHELXL-2014/7 (Sheldrick, 2014)

Data / restraints / parameters
Goodness-of-fit on F2

2106 / 0 / 132

Final R indices [I>2sigma(I)]

R1 = 0.0451, wR2 = 0.1209

R indices (all data)

R1 = 0.0478, wR2 = 0.1227
1.188 and -1.045 e.Å-3

Largest diff. peak and hole

1.076
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Figure 5.54. Thermal ellipsoid diagram for 1H2 with complete numbering scheme. Thermal
ellipsoids are displayed at the 50% probability level. The hydrogen atoms are shown as circles for
clarity. The model is on a special position; only the asymmetric unit is labeled.
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Table 5.7. Crystal data and structure refinement for 1H2.
Identification code

KJF-56-b

Empirical formula

B2 C16 H24 Cu F8 N2 O3

Formula weight

529.53

Temperature

93(2) K

Wavelength

0.71075 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 7.9147(4) Å

α = 81.964(6)°.

b = 9.6937(5) Å

β = 75.490(5)°.
γ = 88.444(6)°.

Volume

c = 15.1809(10)) Å
1116.46(11) Å3

Z

2

Density (calculated)
Absorption coefficient

1.623 Mg/m3
16.161 mm-1

F(000)

554

Crystal color and habit

Blue Plate

Diffractometer

Rigaku Saturn 944+ CCD

Theta range for data collection

4.899 to 66.600°.

Index ranges

-10<=h<=10, -12<=k<=12, -19<=l<=19

Reflections collected

19640

Independent reflections

5516 [R(int) = 0.0459]

Observed reflections (I > 2sigma(I))

4102

Completeness to theta = 66.600°

99.8%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00000 and 0.32006

Solution method

SHELXT-2014/5 (Sheldrick, 2014)

Refinement method

SHELXL-2014/7 (Sheldrick, 2014)

Data / restraints / parameters
Goodness-of-fit on F2

5516 / 0 / 318

Final R indices [I>2sigma(I)]

R1 = 0.0459, wR2 = 0.1106

R indices (all data)

R1 = 0.0552, wR2 = 0.1155
0.778 and -0.601 e.Å-3

Largest diff. peak and hole

1.106
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